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ABSTRACT 
 
 
Engineered in-vitro platforms or patterned biomaterials enabled a wide range of studies 
that led a deeper understanding of biological processes. This thesis describes the use 
of surface chemistry and soft lithography that enabled high-throughput analyses of cell 
adhesion, migration, and wound healing. In this thesis, I investigated engineering design 
rules that determine the efficiency of thermally tunable cell adhesion and release from 
poly(N-isopropyl acrylamide) brushes. Large format polymer gradients were used to 
screen grafting densities and substrate chemistries that alter both cell adhesion and 
rapid, reversible release by switching temperature. The study demonstrated the 
interplay between protein adsorption mechanisms, surface chemistry, and polymer 
properties on the efficacy of thermally controlled, reversible bioadhesion. I also used 
these large format gradients to generate shallow immobilized protein gradients to 
investigate the effect of ligand density on cell adhesion and migration. The results 
showed the utility of these large format gradients for high-throughput analysis of cell 
adhesion and migration on different extracellular matrix compositions, as an alternative 
to other gradient generating methodologies. The third main focus of this thesis used a 
fabricated, micropillar based wound healing platform to conduct high throughput wound 
healing analyses.  With this approach, I investigated the impact of genetic variations on 
endothelial wound healing relevant to acute lung injury. 
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Chapter 1: Introduction 
 
1.1 OVERVIEW  
  Surface chemistry and microfabrication have been widely used for investigating 
of a wide range of biological processes [1, 2]. These techniques enable us to precisely 
tailor and control local microenvironments and thus allow us to elucidate how defined 
cues influence such cell behavior as adhesion, proliferation and migration in-vitro.   
 Polymer brushes are an example of widely used surface chemical modifications 
to control bioadhesion. In the case of environmentally responsive coatings, these 
materials are used to alter wetting and bioadsporption using environmental switches 
such as temperature or pH [3]. Poly(N-isopropyl acrylamide) (PNIPAM) is one of the 
most intensively studied polymers in tissue engineering [4, 5], drug delivery [6] and 
biosensors [7, 8], because it undergoes a solubility transition at 32°C near physiological 
temperature [9]. The interaction between biomolecules and polymer chains determines 
biosurface properties. For instance, to harvest cell sheets on PNIPAM, cells should 
adhere on polymer surface above the lower critical solution temperature (LCST) and 
also they should be easily detached upon temperature decrease. On the other hand, to 
make anti-fouling surfaces, polymer coating should be protein-repellent regardless of 
temperature change. Therefore, the understanding of thermoresponsive bioadhesion on 
PNIPAM surface should be preceded for the successful application of PNIPAM.  
 Microfabrication also plays a role in engineering a local microenvironment which 
might affect cell behavior and/or fate. For instance, it was used to create well-controlled 
gaps in a cell monolayer for studying wound healing in my study. Wound healing assays 
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that mimic in-vivo cell migration have been commonly used to understand cell motility 
and migration, in response to chemical, physical and biological signals [10]. Endothelial 
cell migration plays a role for angiogenesis (formation of blood vessels from pre-existing 
ones) and vasculogenesis (formation of blood vessels without pre-existing ones) [11, 
12]. It is affected by many intracellular pathways (e.g. growth factors), as well as 
extracellular stimuli (e.g. mechanical stress) [13, 14]. For instance, endothelial gap 
formation, caused by the disruption of cell-cell adhesion, triggers the locomotion of 
vascular endothelial cells, and this presumably contributes to endothelial re-sealing [15, 
16]. To understand how these intracellular and extracellular factors affect endothelial 
wound healing, an engineering platform that allows to control relevant parameters and 
to quantify cell migration is required.  
 
1.2 CHEMICALLY ENGINEERED BIOSURFACES  
Self-assembled monolayers 
 One of the surface modification methods commonly used to change 
biocompatibility is the self-assembly of monolayers (SAMs) on different materials. The 
SAMs are organic monolayer assemblies formed by the adsorption of molecules from a 
solution or gas phase onto the surfaces of solids [1]. One end of a molecule, called 
″head group″, is designed to interact favorably and specifically with the solid surface of 
interest [17]. This interaction enables the formation of a stable, intact monolayer film on 
the substrate. Due to the versatile fabrication of inexpensive and homogenous surface 
coatings, SAMs have potential uses in a wide range of applications that exploit defined 
wetting, adhesion, biocompatibility, or chemical resistance, for example [1, 18].  
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 The SAM technology was first introduced by Zisman and coworkers who 
prepared a monolayer film, by adsorbing a surfactant onto a metal surface [19]. A 
breakthrough by Nuzzo and Allara was the generation of SAMs of alkanethiols on gold, 
achieved by adsorbing disulfides onto gold films from dilute organic solutions [20]. 
These alkanethiols on gold were shown to form dense, well ordered monolayers. Since 
then, many self-assembly systems have been investigated, but the most intensively 
studied SAMs, particularly for biological applications, are monolayers of alkanethiolates 
on gold [21, 22]. There are several comprehensive reviews on the preparation, 
characterization and applications of these SAMs [1, 18, 23].   
 Commonly used SAM substrates include thin metal films on solid surfaces such 
as glass slides or silicon wafers. Physical vapor deposition (PVD) methods such as 
thermal or e-beam evaporation are mainly used to generate thin films of a wide range of 
metals (e.g. gold, silver, copper) [24]. The thin film usually consists of an adhesion layer 
of chromium or titanium (1 - 5 nm) and a metal layer (10 – 200 nm). The adhesion layer 
improves the adhesion of the metal layer to the supporting surface, as in the case of 
gold on glass. The most common method used to assemble SAMs on a metal layer is 
by immersing a clean, metal surface into a solution of organosulfur compounds (thiols, 
disulfides, sulfides) [1, 18, 20-22]. The self-assembly of SAMs mainly consists of (1) 
diffusion-driven transport of organosulfur molecules in solution to the solvent–substrate 
interface, and (2) adsorption on a substrate [17]. The fast initial adsorption (seconds to 
minutes) is followed by a slow reorganization of adsorbed molecules (hours to several 
days) to create well organized, densely packed SAMs. The adsorption kinetics of 
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alkanethiol SAMs is affected by a number of factors including solvent, temperature, 
solution concentration, alkanethiol chain length [1, 17].   
 Mixed SAMs are monolayers comprising multiple molecular components. 
Gradients are a special form of mixed SAMs, in which the surface properties of, say, 
two component mixed SAMS, are mainly determined by the exposed terminal groups, 
which gradually change along one specific axis of the surface. These surface chemical 
gradients are powerful platforms for high throughput studies of biological processes at 
interfaces. Moreover, these gradients can be used as a substrate for further 
modification of surfaces. For instance, a surface gradient of polymer initiator disulfides 
is used to graft polymers in my study. 
 
Chemical and polymer gradients 
 Surface gradients are surfaces with chemical, physical or mechanical properties 
that changes gradually over a given direction. Surface gradients are powerful tools to 
understand interfacial phenomena in physics, chemistry, biology and material science 
[25].  
 Gradient platforms are of great importance in mimicking biological phenomena 
and served as useful in-vitro systems for investigating how gradients of chemical and 
adhesive cues guide cell migration [26-28]. For instance, in vivo cells migrate in 
response to a variety of gradients of stimuli such as chemoattractants. In-vitro cell 
migration platforms enabled studies of mechanisms controlling cell migration processes 
in well-defined and controlled microenvironments [26-28]. Another important benefit of 
gradient platforms lies in high-throughput analyses of how different concentrations 
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instruct cell behavior [25, 29]. That is, a wide range of parameter values can be 
investigated in a cost- and time-effective manner on a single platform, by using 
gradients.  
Typically, the effects of different parameters are determined by investigating a 
series of individual samples, each with a different surface property. This approach is 
time consuming and inefficient, and this can have a detrimental effect on biological 
experiments, if the biological components change over the time [25]. Accordingly, long-
time consumption might cause inevitably ambiguous and uncontrolled variations, which 
are hardly separated from the controlled variation resulting from manipulating a surface 
property. Gradient approaches that develop a range of surface properties on a single 
surface enable avoiding these problems by minimizing experimental variations and by 
saving time [25, 28]. 
 The various methods for preparing surface gradients of small molecules are 
summarized in review papers [25, 29, 30]. For example, surface alkanethiolate 
gradients on gold or silver surfaces have been prepared by using different methods 
including cross-diffusion of alkanethiols [31], gradual immersion into an alkanethiol 
solution [32, 33], microcontact printing [34], electrochemical desorption of alkanethiols 
[35], photocatalytic oxidation [36] or microfluidic channels [26, 37, 38].  
 Instead of using small, organosulfur or organosilane molecules in cases of 
making gradient SAMs, the deposition of macromolecules can form three dimensional 
gradient structures. Polymers are end-anchored to surfaces either by grafting to– or 
grafting–from methods. ‘Grafting-to’ methods attach polymer chains onto a substrate by 
specific functional groups that react with surface groups. Alternatively segment blocks 
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that are insoluble in the bulk solvent preferentially adsorb to the substrate, leaving the 
second soluble block swollen in solvent [39-41]. On the other hand, grafting-from 
techniques use surface initiated free or controlled radical polymerization from polymer 
initiators on a surface. The latter often involve polymerization from SAMs that include 
initator-terminated alkanethiols [42]. One can also generate polymer gradients in which 
the density or molecular weight varies over the substrate. Genzer and coworkers used 
atom transfer radical polymerization to generate polymer gradients with varying grafting 
molecular weight either by gradually immersing a surface-bound initiator SAM into a 
monomer solution or by draining the monomer solution gradually from a reaction vessel 
[43, 44]. Also, Wu and coworkers developed polymer density gradients by polymerizing 
chains from gradients of an organosilane-based initiator on silicon surfaces [45, 46]. 
These polymer gradient preparation methods were extended to generate multi-gradient 
surfaces, in which more than two physio-chemical properties are varied across the 
substrates. For instance, polymer gradients comprising orthogonal gradual variation of 
molecular weight and grafting density were created [29, 47-49]. Gradual change in 
molecular weight of two blocks in a diblock copolymer were also suggested [50]. 
 
Micropatterned surfaces 
 Micropatterned environments can establish a fine, spatial pattern of certain 
molecules which, for example, lead to isolated single cell culture, to force cells to grow 
in a certain geometric pattern [51]. Spatially defined regions of different organic 
molecules on a surface can be achieved by printing or selectively adsorbing molecules 
or desorbing molecules from SAMs, on defined micro-scale regions. Microcontact 
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printing using elastomeric materials such as polydimethylsiloxane (PDMS) stamps with 
micropatterns is one of most commonly used technique to generate micro-scale 
patterned SAMs on surfaces [52, 53]. SAMs are developed in the regions of the contact 
of a micropatterned elastomeric stamp coated with reactive organosulfur (adsorbing on 
gold or silver) or organosilane molecules (adsorbing on silicon surfaces) [1, 52, 54-56].  
A number of reviews [52, 57, 58] address this topic in detail. 
 
1.3 POLYMER BRUSHES AND BIOADHESION  
End grafted, water-soluble polymer chains are widely used to control protein and 
cell adsorption to surfaces [3, 59, 60]. A fundamental challenge is to identify 
mechanisms of protein adsorption to or protein repulsion from these coatings, and to 
also establish the polymer design rules that control the behavior.   
 
Theoretical models for tethered polymer brushes in good solvent 
 Several theoretical models have been developed to describe the properties of 
grafted polymers [61-63] as well as how proteins or colloids interact with the resulting 
polymer coatings [3, 59, 60]. An advantage of using end-grafted chains is that many of 
the polymer film properties are controlled by the chain density and the molecular weight 
[3, 60]. At high grafting density (chains per area), polymer chains repel each other by 
steric and osmotic repulsion, and stretch away from the substrate to form a ″polymer 
brush″ [64]. On the other hand, at low grafting densities where the distance between 
grafting sites is greater than twice the radius of gyration of the polymer chains (σ > 2Rg), 
the polymers adopt different conformations. These structures are referred to as 
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mushrooms if the chains are repelled from the underlying substrate, or pancakes if the 
chains adsorb to the grafting surface [3]. In the weak overlap regime, chains overlap 
slightly but are not stretched.  The theoretical approaches developed to model end-
grafted polymer chains and protein interactions with them are based on scaling theory, 
on analytical or numerical self-consistent field (SCF) theories [61-63], or molecular 
dynamics simulations [65].  
In the scaling approach first described by Alexander [61] and de Gennes [62], the 
monomer density is constant throughout the brush, and all the chains with the same 
length are assumed to be equally stretched away from the substrate.  On the other 
hand, an analytical SCF model was based on the assumption that the chain ends 
distributed throughout the brush [63]. However, this model still assumes that polymer 
films are laterally homogeneous, so that the distribution of the chain ends is only a 
function of the distance from a grafting substrate. A later numerical SCF model allowed 
for heterogeneous lateral distributions of the monomer density for chains in good 
solvent [66].  
 Brushes are used to generate non-fouling surfaces for a wide range of 
applications, and models of polymer brushes provide a basis for understanding how to 
rationally tune protein adsorption or cell adhesion, as opposed to the use of trial and 
error methods. Using a scaling approach, Halperin predicted that proteins would adsorb 
onto end-grafted (or tethered) polymer chains in good solvent in three different ways, 
which depend on the grafting density of polymer chains, the polymer chain length 
(equivalently, molecular weight or degree of polymerization), the temperature, and 
protein size and shape [3, 60, 67].  In primary adsorption, proteins can diffuse through 
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the polymer coating to adsorb at the surface due to short-range, protein-substrate 
attraction. This is predicted to occur when the distance between grafting sites exceeds 
the protein diameter. When the grafting density is much smaller than the protein 
diameter, proteins may undergo secondary adsorption. Here proteins adsorb at the 
outer edge of polymer chains due to long-ranged attractive forces between a proteins 
and the underlying substrate. In ternary adsorption, the proteins penetrate the brush but 
cannot reach the underlying substrate.  This is opposed by osmotic repulsion and would 
mainly occur in poor solvent conditions when nonspecific (weak) or specific (strong) 
chain-protein interactions are sufficient to overcome the osmotic repulsion [60, 67, 68] 
(Fig. 1.1).  
 Primary adsorption may occur when the size of a protein is the order of the 
distance between neighboring chains by diffusion of proteins through the brush [60]. 
This adsorption is an activation process with a potential energy barrier formed by the 
brush. The osmotic penalty increases and the diffusion rate decreases as grafting 
density increases. Therefore primary adsorption can be hindered both 
thermodynamically and kinetically, by increasing grafting density [3, 60]. The secondary 
adsorption results when the long-ranged force between a protein and a grafting 
substrate, such as the van der Waals or double layer force, extends beyond the brush 
edge. In order for secondary adsorption to occur, the attraction at the outer edge of the 
brush should be greater than the thermal energy, RT [3, 59]. Increasing the chain length 
is an effective way to prevent this adsorption [3, 59, 67].  On the other hand, ternary 
adsorption within the brush occurs, is entropically unfavorable, and occurs mainly in 
cases of weak brush-protein attraction. Ternary adsorption increases with increasing 
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chain length because longer chains offer more adsorption sites, and the protein-polymer 
attraction scales with the number of contacts [3, 67]. More importantly, ternary 
adsorption will exhibit a maximum as a function of grating density that is determined by 
the balance between the adsorption free energy of an inserted protein and the osmotic 
penalty for insertion [67, 69]. A recent theoretical model by Halperin and Kröger [68] of 
ternary adsorption that compares weak, nonspecific ternary adsorption and strong, 
specific ternary adsorption which involves either binding of terminal free ends of chains 
or backbone binding of internal chain segments. To summarize, theories for end-grafted 
polymers in good solvent predict that protein adsorption on end-grafted polymer chains 
occurs in three different ways (primary, secondary, and ternary adsorption) 
simultaneously, depending on polymer chain structures (grafting density and chain 
length), protein characteristic (shape, size, etc.).  
 
Theory for tethered polymers in poor solvent 
 In an effort to understand the interactions between particles and polymer chains, 
theoretical models have mainly focused on describing these interactions in good 
solvent, where polymer brushes are swollen and stretch away from a grafting substrate, 
(Section 1.3.1) [59, 60, 67, 68]. There has been less focus on modeling polymer chains 
in poor solvent. However, understanding the effect of solvent quality on the protein-
monomer interaction is also of interest, for instance, to investigate polymer brush in 
non-aqueous solvents or thermally responsive polymers in water [65, 70-72]. Solvent 
quality affects the interactions between polymer segments, between polymer segments 
and solvent, and between polymer segments and solutes such as proteins or colloidal 
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particles. With decreasing solvent quality, eventual brush collapse reduces the free 
energy penalty of an inserting particle which results from decreasing the osmotic 
pressure [71]. In the classical Flory description [73], in poor solvent, less favorable 
segment-solvent interactions favor segment-solute interactions and protein adsorption, 
in order to minimize the interfacial free energy of the chains. The Flory Chi parameter 
scales the interaction energy. The behavior of polymer brushes in poor solvents is 
described by the classical Flory-Huggins theory [74]. However, chains that exhibit a 
lower critical solution temperature, such as thermoresponsive, water soluble polymer 
brushes are not described by the classical approach, which does not predict a lower 
critical solution temperature (LCST). Above the LCST, the chains undergo a phase 
transition and become insoluble (poor solvent) [70, 71]. In order to predict an LCST and 
to describe the chain structure above the critical temperature, Baulin and coworkers [75] 
generalized the mean-field theory by introducing a concentration- and temperature-
dependent Flory Chi parameter. Their model predicts that the chains remain laterally 
homogeneous, but undergo a vertical phase separation within a brush. Mendez et al. 
[76] similarly used a SCF theory based on parameters derived from an experimental 
phase diagram, in order to model tethered PNIPAM chains. Also, Yoshinaga and 
coworkers [77] adopted a non-classical two-state model of neutral water soluble 
polymers, in which the segments could adopt soluble or water-insoluble states.  This 
approach predicted the collapse behavior of polymer chains above the LCST. 
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Bioadhesion on thermally responsive polymer brushes 
 Temperature-dependent solubility changes above the LCST have been widely 
exploited to reversibly switch bioadhesion on these coatings, by using a temperature 
switch. Neutral, water-soluble polymers that exhibit an LCST become less soluble 
above the transition temperature, and “collapse”. The increase in the contact angle of 
sessile water droplets on dried polymer films above the LCST also suggested that the 
polymers become hydrophobic. Temperature-dependent bioadhesion on thermally 
responsive PNIPAM coatings was therefore explained by changes in wettability [78, 79], 
polymer hydration/dehydration [80] or film thickness [81-84]. A long-held view has been 
that the temperature-driven chain collapse promotes protein adsorption, by thermally 
switching antifouling state to hydrophobic protein-adsorbing state [81, 85, 86], and that 
chain collapse to form a hydrophobic, dense mat is essential for bioadsorption. This 
simple model does not account for a wide range of experimental observations [87-90]. 
Although this collapse behavior is observed with densely tethered, high 
molecular weight polymer films, force measurements [87], neutron reflectivity [88] and 
ellipsometry [89, 90] studies revealed that dilute and/or short length PNIPAM chains did 
exhibit apparent collapse above the LCST. Moreover, experimental studies [91, 92] 
showed that dense, collapsed polymer brushes prevented protein adsorption. Therefore, 
a new model is required, in order to explain protein adsorption and desorption, as a 
function of the chain density and molecular weight, above and below the LCST, 
respectively.  
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1.4 CELL MIGRATION AND WOUND HEALING  
The previous sections describe how surface chemistry and the temperature-
responsiveness of grafting chains can be used to manipulate interfacial properties in 
ways that influence bioadhesion and cell behavior in those engineered environments. In 
these following sections, I describe cell behaviors and biochemical mechanisms that 
can be uniquely addressed with microfabricated, surface chemical patterns. Specifically, 
I focus on cell migration and wound healing, in the context of acute lung injury.  
 
Cell migration  
 SAMs and micropatterned substrates have been used extensively to investigate 
mechanisms governing cell adhesion and migration. Cell migration is critical for a 
variety of physiological and pathological processes such as embryonic development, 
cancer metastasis, immune defense and tissue regeneration [93]. Cell migration is 
guided by a gradient of chemoattractants (chemotaxis), a gradient of immobilized 
ligands (haptotaxis), or mechanical properties (mechanotaxis or durotaxis)[11]. Cells 
migrate through repetition of three sequential steps: (1) the protrusion of lamellipodia at 
the cell front that attach to extracellular matrix (ECM), (2) translocation of the cell body, 
and (3) retraction of the rear of the cell by breaking existing contacts to ECM. Cell 
adhesion to ECM is mediated by cell-surface receptors known as integrins, which bind 
to proteins that make up the ECM [94, 95]. Cell migration over ECM is regulated by 
interactions between integrins and ECM molecules [96, 97], and depends on the ligand 
density [98], integrin expression levels [99], and integrin-ligand binding affinities [100, 
101].    
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Wound healing 
 The movement of cells in groups rather than individually is referred to as 
collective cell migration. This occurs in developmental contexts for cells such as neural 
crest, the vasculature, and many epithelial tissues. Collective cell migration also occurs 
in wound healing [102]. In cell sheet migration, cells within a cohesive sheet moves 
collectively, and maintain contact and continuity during migration. In particular, cell lines 
of epithelial or endothelial perform sheet migration if a gap (wound) is generated in a 
cellular monolayer [102]. Wound repair is a homeostatic process in which cell migration 
features prominently. Wound healing by collective cell migration is a specific response 
to cell or tissue injury, as well to the generation of unoccupied substrate and a free cell 
boundary (wound) within a cell sheet [103, 104].  The processes of wound closure have 
traditionally been studied using in-vitro wound healing platforms such as a scratch 
wound assay [105, 106]. Recently, there have been efforts to develop more efficient and 
biomimetic wound healing assays using soft lithography and surface chemistry, for 
instance, microfluidic channel based wound healing [107] and a gap closure assay 
using micropillars [108].  
 
1.5 ACUTE LUNG INJURY AND CORTACTIN   
Acute lung injury  
 In this thesis, pulmonary endothelial wound healing was studied based on a 
wound healing platform that uses micropillars to stencil wounds within a cell monolayer. 
Acute lung injury (ALI) is a clinical syndrome of acute respiratory failure with dynamic 
impairment in the oxygen and carbon dioxide transfer [109, 110]. Despite advances in 
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clinical care, the mortality rate in patients with acute lung injury is still high. In particular, 
it has been postulated that a clinical trial on mechanical ventilation of patients 
unexpectedly resulted in negative outcomes, so called ventilator-induced lung injury 
(VILI) [111, 112]. Pathologic lung over-inflation caused by mechanical ventilation at high 
tidal volumes compromises the blood-gas barrier, increases lung endothelial 
permeability, and may lead to pulmonary edema and VILI [111-113].  
 The greater risk of ALI in African Americans motivated research on a possible 
genetic basis of ALI susceptibility [114]. The identification of single nucleotide 
polymorphisms (SNPs) in candidate genes may provide insights into the mechanisms of 
this disease and thus lead to improved clinical methods that prevent or mitigate against 
ALI [115]. Of recently identified, disease-linked SNPs, a subset involve cortactin and 
myosin light chain kinase, which are cytoskeletal proteins that regulate both cell 
mechanics and the integrity of cell-cell junctions [115, 116].  
 
Cortactin: structure and function 
 As mentioned in Section 1.5.1, the genetic variation in cortactin is one of the 
molecules found to be relevant to high ALI susceptibility. In this section, the function of 
cortactin is described, particularly with relevance to cell motility and migration.  
The actin cytoskeleton, regulated by signaling pathways, mediates cell mobility 
including polarization, leading edge protrusion and membrane contraction [117]. In 
particular, dynamic actin assembly formation nucleated by actin-related protein (Arp) 2/3 
complex is critical for formation of protrusive motility structure to promote directional cell 
movement [118]. Arp 2/3 complex is essential for nucleation of branched actin network 
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at the leading edge of a cell. It localizes at the branch points of actin networks in 
lamellipodia and is localized at the dynamic actin assembly in moving cells [119, 120]. 
Actin binding proteins are also recruited to cortical actin structure with Arp 2/3 complex. 
In particular, Arp 2/3-nucleated actin polymerization is enhanced by Wiskott–Aldrich 
syndrome protein (WASP) family [121].  
 Cortactin, first known as a Src kinase substrate, was shown to bind to and 
activate Arp 2/3 and to stabilize actin networks after their formation [122] (Fig. 1.2). It 
localizes at the sites of actin assembly and is a marker of actin-rich lamellipodia 
protrusions [122, 123]. Cortactin contains several important functional domains 
including an N-terminal acidic (NTA), a tandem repeat, and a carboxyl-terminal proline-
rich domain. The NTA domain binds to Arp 2/3 complex directly and the tandem repeat 
region binds to filamentous actin (F-actin), which alters the lateral and longitudinal 
contacts of actin subunits within an F-actin and thus promote a new binding site for Arp 
2/3. And, the carboxyl-terminal region has binding sites for many cytoskeletal, 
membrane trafficking and signaling proteins and thus enables these proteins to be 
connected to the actin cytoskeleton [124, 125].  
 Cortactin function is altered by intracellular mechanisms such as 
phosphorylation.  Cortactin is a substrate not only Src kinase but also many different 
kinases [126, 127]. Tyrosine, serine or threonine phosphorylation in cortactin is 
promoted by numerous sources including fibroblast growth factor (FGF), epidermal 
growth factor (EGF), platelet-derived growth factor (PDGF), thrombin, spingosine-1-
phosphate (S1P), E-cadherin ligation and integrin activation [118]. In particular, the 
phosphorylation plays an important role in enhancing cell mobility by altering the affinity 
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and combination of binding proteins [118, 128-130]. Many phosphorylation sites are 
located in the proline-rich region and the phosphorylation regulates binding to the 
adjacent Src Homology 3 (SH3) domain. For instance, tyrosine phosphorylation 
increases the binding affinity of SH3 domain binding partner Dynamin 2 [131]. Also, 
ERK phosphorylation enhances accessibility of the SH3 domain and binding to neuronal 
WASP (N-WASP), which in turn regulates cell motility and lamellipodial dynamics [128, 
132].  
 Through the binding of Arp 2/3, actin and other actin regulators such as N-WASP 
to cortactin, cortactin activates Arp 2/3 complex and stabilizes newly formed actin 
branches [123, 133]. Also, cortactin has a unique function of preventing de-branching 
actin filament networks [133].  
  
1.6 QUESTIONS ADDRESSED IN THIS THESIS 
 The goals of the research in this thesis are two-fold. The first goal is to 
understand how protein adsorption mechanisms (modes) can affect the efficacy of 
temperature-dependent cell adhesion and release on PNIPAM. As mentioned earlier in 
Section 1.3.3, there is a discrepancy between theoretical and experimental studies on 
thermoresponsive bioadhesion on end-grafted PNIPAM. To investigate the effect of 
polymer chain architecture on switchable bioadhesion, large format gradients are 
developed with a dipping method. Based on this high-throughput analysis platform, 
protein adsorption and desorption patterns are correlated with cell adhesion above the 
LCST and cell detachment below the LCST according to the structure of end-grafted 
chains. Also, the role of cell binding to ECM proteins on cell migration is observed using 
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this concept of large format gradients. Protein immobilized gradients facilitates the study 
of cell migration via integrin-mediated cell adhesion to ECM coated surfaces.   
 The second goal is to identify the role of ALI-associated cortactin single 
nucleotide polymorphism (SNP) on endothelial wound healing. It is yet to be determined 
how the cortactin SNP impairs endothelial barrier function after gap formation. An in-
vitro would healing platform using microfabricated pillars is developed to create gaps 
with well-defined size and shape without cell damage or debris. This wound healing tool 
reveals how cortactin SNP affects gap closure dynamics. As regards this wound 
healing, cell mobility and lamellipodia dynamics are also studied.  
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1.7 FIGURES 
 
Figure 1.1. Protein adsorption modes on polymer brushes 
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Figure 1.2. Role of cortactin in actin polymerization. Cortactin activates Arp2/3 complex, 
which initiates actin filament assembly. Formation of actin filament at the edge causes 
membrane protrusion (lamellipodia formation).  
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Chapter 2: Surface gradients of poly(N-
isopropyl acrylamide) brushes1 
 
2.1 INTRODUCTION 
 Self-assembled monolayers (SAMs) are organic assemblies formed by the 
adsorption of molecules which have a specific affinity for a substrate [1]. One of most 
intensively studied SAMs is a monolayer of alkanethiolates on gold [21, 22]. 
Comprehensive review on preparation, characterization and application of SAMs are 
available [1, 18, 23]. Monolayers can be comprised of mixture of molecular structures, 
which is called mixed SAMs. A gradient form of mixed SAMs has a property of gradually 
changing chemistry along a specific direction. These surface chemical gradients are 
powerful platforms for high throughput studies of interfaces. Alkanethiol gradients can 
be prepared by using different ways including cross-diffusion [31], gradual immersion 
into an alkanethiol [32], microcontact printing [34], electrochemical potential [35] or 
microfluidic channels [37].  
 Poly(N-isopropyl acrylamide) (PNIPAM) is one of most intensively studied 
polymers for use in drug delivery [134-136], biosensors [137-139] and tissue 
engineering [5, 140, 141], because its temperature-dependent solubility transition is 
near physiological temperature. PNIPAM brushes are hydrated and soluble in aqueous 
media below the lower critical solution temperature (LCST) of 32°C, but above the 
LCST, water is a poor solvent. This temperature-dependent solubility transition is 
                                                 
1
 The work was adapted with permission from “SANGWOOK CHOI, BYUNG-CHAN CHOI, CHANGYING XUE, AND DEBORAH LECKBAND, 
PROTEIN ADSORPTION MECHANISMS DETERMINE THE EFFICIENCY OF THERMALLY CONTROLLED CELL ADHESION ON POLY(N-
ISOPROPYL ACRYLAMIDE) BRUSHES. BIOMACROMOLECULES, 2013, 14 (1), pp 92–100.” Copyright 2013 American Chemical Society. 
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exploited to selectively switch the interfacial properties of PNIPAM and its consequent 
interactions with cells and biomolecules.  
 In this chapter, I developed PNIPAM gradients grafted from an alkanethiol 
gradient on gold using a controlled dipping method and surface initiated atomic transfer 
radical polymerization (SI-ATRP), and characterized them using x-ray photoelectron 
spectroscopy (XPS), ellipsometry, contact angle goniometer and atomic force 
microscopy (AFM).  
 
2.2 MATERIALS AND METHODS 
Chemicals 
 The chemicals 1-dodecanethiol, 11-mercaptoundecanoic acid, 11-mercapto-1-
undecanol and (11-mercaptoundecyl)-tetra(ethylene glycol) (OEG) were purchased 
from Aldrich. 2-[methoxy(polyethyleneoxy)propyl]-trichlorosilane (OEG) was from 
Gelest, Inc. N-Isopropylacrylamide (NIPAM) and 1,1,4,7,7-penta-
methyldiethylenetriamine (PMDETA) were purchased from Acros. CuBr was from 
Aldrich. NIPAM monomer was recrystallized from hexane. The PNIPAM initiators, 
disulfide initiator (BrC(CH3)2COO(CH2)11S)2, was synthesized as described previously 
[89, 142]. All aqueous solutions were prepared with ultrapure water with a resistivity of 
18.2 MΩ·cm.  
 
Synthesis of PNIPAM initiator  
 Step 1: Synthesis of (S(CH2)11OH)2 [89, 142, 143]. 11-Mercapto-1-undecanol (1 
g, 4.9 mmol, 0.12 M) was dissolved in dichloromethane (40 mL). A 10 w/w % potassium 
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carbonate solution (6 mL) was added to the dichloromethane solution and stirred well. 
Bromine (0.4 g, 5 mmol) was added dropwise to the solution, and the reaction 
proceeded for 20 min at room temperature. After that, the organic phase was extracted 
twice (15 mL × 2) from the aqueous phase with dichloromethane, using a separation 
funnel. The organic phase was collected and dried with MgSO4. The solid MgSO4 was 
removed by filtering the slurry through standard grade Whatman filter paper with 11 µm 
pores. All solvent was removed by rotary evaporation. From this crude product (white 
powder), the disulfide was recrystallized from an ethanol/hexane solution (1:3 v/v). 
 Step 2: Synthesis of S(CH2)11OCOC(CH3)2Br)2. (S(CH2)11OH)2 (0.55 g, 1.35 
mmol, 0.04 M) was dissolved in dichloromethane (31.4 mL) and triethylamine (1.9 mL). 
Then 2-bromo-2-methylpropionyl bromide (0.78 g, 0.42 mL, 3.3 mmol) was added 
dropwise at 0 °C. The reaction mixture was stirred for 1 h at 0 °C, and then for 2 h at 
room temperature. Afterward, the mixture was extracted with 2 M aqueous 
Na2CO3 saturated with NH4Cl. The organic phase was collected and dried over MgSO4, 
which was removed by filtration. Solvent was removed by rotary evaporation. The 
product (slightly brown oil) was purified by silica gel chromatography (13:1 hexane:ethyl 
acetate, v:v) and characterized by 1H NMR and mass spectrometry. 
 
PNIPAM gradients on gold-coated slides 
 PNIPAM gradients were synthesized from gradients of initiator-terminated 
alkanethiols assembled on gold-coated glass slides. Alkanethiol gradients were 
prepared with a linear dipper, described previously [33]. Glass slides were first cleaned 
for 1 h in 4 M sodium hydroxide. The slides were then rinsed with pure water, sonicated 
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in ethanol and deionized water for 3 min each, and then dried under a stream of filtered 
nitrogen (N2). Gold was thermally evaporated on these slides. We deposited a 2 nm-
thick chromium adhesion layer, followed by 50 nm of gold thermally evaporated at <10-6 
Torr. Chromium, used as an intermediate layer, can enhance gold adhesion. Ethanolic 
solutions of each of four alkanethiols with different terminal groups were prepared at 10 
µM.  
 The dipping tool was assembled so that the dipper moves the substrate vertically 
into the solution according to a programmed dipping profile (OWIS, Staufen, Germany). 
The instrument design and LabView program controlling the dipper (Ver 9.0, National 
Instruments) were kindly provided by Prof. N. Spencer (ETH, Zürich). Gradients of the 
background thiol were prepared by dipping a clean, gold-coated slide vertically into the 
ethanolic alkanethiol solution, by controlling the dipping rate as a function of time.  
 The growth of SAMs largely consists of two steps: diffusion-driven transport of 
alkanethiols in solution to the solvent – gold interface followed by adsorption on the gold 
substrate. The adsorption reaction is represented as [144]:  
 Au(s) + RS-H ↔ RS-Au(s) + 0.5 H2 (2.1) 
The kinetics of this reaction is commonly represented by Langmuir type adsorption 
isotherms [144, 145].   
 

 = 1 −  −  (2.2) 
or equivalently, 
  = 1 − exp	− (2.3) 
where  = / + / and  =  + , Accordingly, in order to achieve a linear 
thiol gradient, the dipper velocity was increased exponentially with time. The time to 
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generate a 30 mm-long gradient on a gold-coated slide was 10 min. After the first 
dipping step, the gradient was immediately rinsed with ethanol and dried with N2. The 
one-component gradient was then backfilled with the initiator (BrC(CH3)2COO(CH2)11S)2 
(0.5 mM in ethanol) for 24h at 4ºC (Fig. 2.1). After cleaning in ethanol and drying, the 
resulting two-component gradient was placed in a reaction vessel. Three cycles of 
vacuum and N2 filling created a nitrogen environment inside the reaction vessel. NIPAM 
(1.5 M) was dissolved in MeOH:H2O (7:3, v/v) and degassed by bubbling with N2 gas for 
30 min. Then, CuBr (15 mM) and PMDETA (45 mM) were added to the NIPAM solution. 
The mixture was transferred into the reaction vessel until the substrate was fully 
immersed. The polymerization reaction was performed at room temperature under a 
nitrogen atmosphere for 15 min. Afterwards, the PNIPAM gradient (Fig. 2.1) was rinsed 
with methanol; sonicated in methanol, ethanol, and water for 3 min each; and then dried 
with N2. 
 To generate gradients with the desired initiator density, we controlled the initiator 
and alkanethiol concentrations, immersion time, and dipping program. The initiator-
disulfide forms a close-packed SAM more slowly than thiols, so the concentration of the 
initiator used in the backfill step (Fig. 2.1) was 50 fold higher than the thiol solution used 
in the first dipping step.  
 
Uniform PNIPAM brushes on gold substrates 
 Uniform brushes were prepared on SAMs on gold-coated glass slides. Similar to 
the preparation of mixed-SAM gradients, a gold-coated slide was immersed in an 
alkanethiol solution (10 µM in ethanol) for 8 min. After that, the slide was backfilled with 
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the initiator (0.5 mM in ethanol) for 24 h at 4ºC. PNIPAM was then grafted from the 
mixed-SAM, as described in this section. 
 
Ellipsometric determination of dry PNIPAM brush thicknesses 
 The thickness of PNIPAM brushes was measured with a Gaertner ellipsometer 
with a HeNe laser (model L116C) and a LGEMP program (Gaertner Scientific Corp.).  
The angle of the incident 632.8 nm light was 70º in all measurements. To measure the 
thickness of dry PNIPAM brushes on gold films, the refractive index of the gold film was 
first measured. Then the thickness of the SAM was determined, using a refractive index 
of 1.46 for the organic layer [90, 146]. After polymerization, the PNIPAM thickness was 
measured, using a refractive index of 1.47 for dry PNIPAM [89]. The PNIPAM thickness 
grafted from an initiator-terminated silane monolayer on a silicon wafer was measured 
similarly, except that the refractive index of the superficial silicon oxide layer was 3.85 ± 
i0.02. 
 
Contact angle measurement 
 The position-dependent static, advancing water contact angle on dry PNIPAM 
gradients was measured with a Gaertner goniometer (Gaertner Scientific Corp.) in a 
temperature-controlled room (±0.2ºC). Contact angles were determined at 5mm 
intervals along the gradient direction, at 25°C and at 37°C. 
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X-ray photoelectron spectroscopy (XPS) 
 The elemental compositions of the SAMs were determined by XPS (model: 
Kratos Axis Ultra, Kratos Analytical Ltd, UK) with a monochromatic aluminum Kα X-ray 
at 1486.6 eV (225 W, 40 eV pass energy) and a take-off angle of 90°, at <10-9 Torr. The 
bromine (Br) 3p and sulfur (S) 2p peak intensities were determined from the integrated 
area normalized by a relative sensitivity factor, using Casa XPS software (Casa 
Software Ltd). The ratio of the normalized intensity of the Br3p to S2p peak, I(Br)/I(S) 
was calculated to estimate the PNIPAM grafting density. Because the sulfur lies 
beneath the organic layer and Br is at the surface, the normalized intensity of S2p was 
adjusted for the depth attenuation using 
 IS = 	ISexp	 	  (2.4) 
where I(S) is the intensity of S2p without the intensity attenuation, I(Sm) is the measured 
intensity of S2p, d is the SAM thickness, λ is the mean free path of the S2p electrons 
(3.768), and θ is the take-off angle [147, 148]. 
 
Atomic force microscopy (AFM) 
 Tapping mode AFM (MFP-3D AFM, Asylum Research) was used to image the 
PNIPAM coatings, bare gold, and SAMs. Images were obtained with samples in water, 
at 25°C and at 37°C. The scanning area was 1 µm × 1 µm and the resolution was 256 
pixels × 256 pixels. The scan rate was about 30ms in H2O. The area for surface 
roughness was 1 µm × 1 µm (whole scanned region). 
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2.3 RESULTS 
PNIPAM gradients 
 To test the effect of the grafting-substrate chemistry on switchable bioadhesion 
(see Chapter 4), PNIPAM was grafted from four different SAMs on gold comprising 
mixtures of initiator-terminated alkanethiol and (Fig. 2.1) CH3-SAM (1-dodecanethiol 
and initiator), COOH-SAM (11-mercaptoundecanoic acid and initiator), OH-SAM (11-
mercapto-1-undecanol and initiator), or OEG-SAM (oligoethylene oxide and initiator). 
Large format gradients (Fig. 2.1) of PNIPAM grafted from these mixed SAMs were used 
to identify grafting densities and surface chemistries with the greatest influence on 
thermally switchable cell adhesion (see Chapter 4).  
 
XPS analysis 
 The dipping instrument generated two-component gradients of initiator and 
alkanethiol. Fig. 2.2A shows the Br/S ratio as a function of the gradient position, 
beginning from the highest initiator concentration. The zero position at the top of the 
gradient corresponds to the highest initiator density, and hence to the region in contact 
with the thiol for the shortest time. The bromine signal is unique to the initiator, whereas 
both initiator and thiol contain sulfur. For all SAMs studied here, the Br/S ratio 
decreased nearly linearly along the gradient. The variation in Br/S ratio values along the 
four different SAM gradients was similar except that the ratios at ~10 - 20 mm on the 
COOH-SAM were higher than on the other three mixed SAMs. The grafting density was 
estimated from the initiator/thiol ratio, the reported initiator density in a close-packed 
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monolayer (~ 200 Å2/chain), and an assumed chain initiation efficiency of ~10% [142, 
149]. 
  
PNIPAM dry thickness  
 The dry PNIPAM thickness, determined by ellipsometry, also varies smoothly as 
a function of the distance from the highest initiator density (Fig. 2.2B). The molecular 
weight of PNIPAM chains was estimated using MW = hρNA/σ, where h is the dry 
thickness of PNIPAM (nm), NA is the Avogadro’s constant and σ is the grafting density 
(chains/nm2) and ρ is the density of NIPAM (= 0.95 g/cm3) [91, 150]. The polymerization 
rate is independent of the initiator density [151]. Thus, the PNIPAM molecular weight 
was similar over the entire gradient [152], as verified by the linear relationship between 
the dry PNIPAM thickness h and grafting density σ (Fig. 2.3) [29]. The estimated 
PNIPAM MW on all of the SAMs was ~30 ± 2.3 kDa (degree of polymerization N = ~270 
± 20). 
  
Wettability 
 The position-dependent static water contact angles on dry PNIPAM gradients 
were measured at 25°C and 37°C as a function of the gradient position (Fig. 2.4A-D). At 
the polymer molecular weight considered here, the difference in contact angles above 
and below the LCST decreased with decreasing grafting density on CH3- and OEG-
SAMs. The trends in water contact angles on PNIPAM grafted from COOH-, OH-, and 
OEG-SAMs were similar. However, the water contact angles on PNIPAM brushes 
grafted from CH3-SAMs increased with decreasing grafting density, at both 
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temperatures (Fig. 2.4A). In the latter case, the difference between contact angles 
measured at 25°C and at 37°C was greatest at Σ < 650 Å2/chain, and then decreased 
with decreasing PNIPAM density, until there was no detectable difference at Σ > 1450 
Å2/chain.  Note that Σ = 100/ σ, where σ is grafting density (chains/nm2). 
 
Surface morphology 
 AFM images of the different PNIPAM brushes were obtained at 1450, 900, and 
500 Å2/chain in water at 25°C and 37°C. Fig. 2.5 shows the images of PNIPAM on OH-
SAMs. Prior AFM images of PNIPAM brushes in a poor solvent condition above the 
LCST exhibited domain-like structure [153], which may be due to the formation of 
octopus micelles [154]. The RMS roughness tended to increase only slightly with the 
polymer grafting density. To assess the possibility of phase segregation in mixed SAMs, 
we compared the brush topography with that of bare gold (Fig. 2.5). The topographies 
of gold and of PNIPAM brushes at Σ = 1450 Å2/chain were similar, and the RMS 
roughness of the gold surface (0.92 nm) was comparable to that of the PNIPAM brush 
(0.96 nm). The features of PNIPAM brushes in water at 37°C were less distinct than at 
25°C, but were otherwise very similar. PNIPAM brushes on COOH-, OEG-, and CH3-
SAMs were similar to those on OH-SAMs (Figs. 2.6-8). 
 
2.4 DISCUSSION 
 In this study, large format gradients of PNIPAM grafted from alkanethiols on gold 
were developed. I optimized several experimental parameters including a programmed 
dipping profile, alkanethiol solution concentration, total dipping time (for gradual 
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immersion) and immersion time for backfill, in order to develop polymer gradients with 
linearly changing grafting density.  
 To vary surface properties of the grafting substrate, I used four alkanethiols with 
different ω-terminal groups, which should determine the surface characteristics. The 
adsorption kinetics of alkanethiol SAMs were affected by a number of factors including 
solvent, initiator concentration, and alkanethiol chain length [17]. The alkanethiols used 
in this study have the same number of methylene groups, but the terminal groups differ. 
Also, the same solvent (ethanol) and solute concentration (0.01mM) were used to make 
surface gradients. As demonstrated by the values of Br/S according to the position on 
gold (Fig. 2.2A), the adsorption kinetics in the early assembly stage (adsorption time < 
10 min) of four alkanethiol SAMs were similar. Therefore, it is inferred that the terminal 
group of the alkanethiols did not dramatically influence the initial initiator adsorption 
kinetics [21, 155].  
 The surface-initiated polymerization appears to be affected neither grafting 
density nor the properties of a grafting substrate. All data points in the plot of the dry 
PNIPAM thickness h versus grafting density σ lied on an imaginary regression line  (Fig. 
2.3), which indicates that PNIPAM grafted on four substrates had similar chain lengths 
(i.e. molecular weight) regardless of the position on the substrates.  
 There have been a number studies on phase separation of alkanethiols [156-
159], AFM images of mixed SAMs and of PNIPAM brushes confirmed that these thiol 
mixtures did not phase separate [160]. The substrate chemistry also did not affect the 
brush morphology, suggesting that polymer segments are similarly repelled from the 
substrates. The only somewhat unexpected case was with the CH3-terminated SAMs 
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where one might expect the polymers to adsorb to the nonpolar, hydrophobic surface 
and flatten the brush at low densities. However, at low densities any polymer specific 
features were indistinguishable from the gold roughness. On these gold films, the brush 
morphology appeared to be similar in both good and poor solvents, regardless of the 
chain density.  
 This study considered a polymer gradient with varying grafting density, but with 
constant molecular weight. However, a polymer gradient with varying molecular weight 
can also be prepared by gradually dipping a uniform initiator SAM into a monomer 
solution. Alternatively, it is also created by either adding a monomer solution gradually 
into an empty reactor where an initiator SAM stands, or draining the monomer solution 
from a reactor where an initiator SAM is fully immersed into the monomer solution. 
Furthermore, a gradient surface would have varying grafting density in one direction and 
also have varying molecular weight in the direction orthogonal to the first direction [161].  
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2.5 FIGURES 
 
 
 
 
Figure 2.1. Schematic of the gradient fabrication procedure. PNIPAM gradients are 
generated in three sequential steps: (1) gradual immersion of the gold-coated slide into 
the alkanethiols solution, (2) full immersion of alkanethiol gradient into the initiator-thiol 
solution, and (3) poly(N-Isopropylacrylamide) synthesis from surface initiator.   
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Figure 2.2. Gradient characterization. A) Ratio of the Br 3p to S 2p XPS signal intensity 
as a function of position along the dipping direction and B) Dry thickness of PNIPAM 
brushes grafted from initiator gradients in a OH-SAM  (black circles), CH3-SAM (black 
squares), COOH-SAM (white circles), and OEG-SAM (white squares) background as a 
function of position along the dipping direction. Thicknesses were determined by 
ellipsometry. The zero position is the top position along the gradient direction.  
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Figure 2.3. PNIPAM grafting density, σ versus the dry thickness, h of PNIPAM brushes 
grafted from different SAMs.  
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Figure. 2.4. Advancing water contract angle on dry PNIPAM brushes at 23°C and at 
37°C. A) Contact angles measured on dry PNIPAM gradients grafted from CH3-SAM, B) 
PNIPAM gradients grafted from COOH-SAM, C) PNIPAM gradients grafted from OEG-
SAM and D) PNIPAM gradients grafted from a mixed SAM of OH-SAM. Here, * indicates 
no significant difference between the values measured at 23 °C and 37 °C (p > 0.05). 
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Figure 2.5. Morphologies of a gold surface and of PNIPAM-brushes grafted from OH-
SAMs in H2O (A) gold surface, (B) 1450 Å2/chain and 25°C, (C) 900 Å2/chain and 25°C, 
(D) 650 Å2/chain and 25°C, (E) 1450 Å2/chain and 37°C, (F) 900 Å2/chain and 37°C, 
and (G) 650 Å2/chain and 37°C.     
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Figure 2.6. Morphology of PNIPAM brushes grafted from CH3-SAMs in H2O. (A) 1450 
Å2/chain and 25°C, (B) 900 Å2/chain and 25°C, (C) 650 Å2/chain and 25°C, (D) 1450 
Å2/chain and 37°C, (E) 900 Å2/chain and 37°C, and (F) 650 Å2/chain and 37°C.      
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Figure 2.7. Morphology of PNIPAM brushes grafted from COOH-SAMs in H2O. (A) 
1450 Å2/chain and 25°C, (B) 900 Å2/chain and 25°C, (C) 650 Å2/chain and 25°C, (D) 
1450 Å2/chain and 37°C, (E) 900 Å2/chain and 37°C, and (F) 650 Å2/chain and 37°C.       
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Figure 2.8. Morphology of PNIPAM brushes grafted from OEG-SAMs in H2O. (A) 1450 
Å2/chain and 25°C, (B) 900 Å2/chain and 25°C, (C) 650 Å2/chain and 25°C, (D) 1450 
Å2/chain and 37°C, (E) 900 Å2/chain and 37°C, and (F) 650 Å2/chain and 37°C.     
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Chapter 3: Thermally controlled cell adhesion 
on poly(N-isopropyl acrylamide) brushes2 
 
3.1 INTRODUCTION 
 Poly(N-isopropyl acrylamide) (PNIPAM) is one of most intensively studied 
polymers for use in drug delivery [134-136], biosensors [137-139] and tissue 
engineering [5, 140, 141], because its temperature-dependent solubility transition is 
near physiological temperature. PNIPAM brushes are hydrated and soluble in aqueous 
media below the lower critical solution temperature (LCST) of 32°C, but above the 
LCST, water is a poor solvent.  This temperature-dependent solubility transition is 
exploited to selectively switch the interfacial properties of PNIPAM and its consequent 
interactions with cells and biomolecules.  
 Despite proposed mechanisms for the temperature-dependent changes in 
polymer interactions, it has been challenging to define PNIPAM coating properties that 
generally insure facile, thermally-switchable bioadhesion. Properties postulated to 
control temperature-dependent adsorption include changes in surface wettability [78, 
79] in polymer hydration [80], or in film thickness [81-84]. Yet none of these generally 
predict all experimental observations. A common assumption is that the temperature-
dependent volume transition, e.g. collapse and re-swelling is essential for switchable 
bioadhesion. However, some PNIPAM coatings that exhibit temperature-dependent 
volume changes do not support cell adhesion [91, 141]. Conversely, PNIPAM films that 
                                                 
2
 The work was adapted with permission from “SANGWOOK CHOI, BYUNG-CHAN CHOI, CHANGYING XUE, AND DEBORAH LECKBAND, 
PROTEIN ADSORPTION MECHANISMS DETERMINE THE EFFICIENCY OF THERMALLY CONTROLLED CELL ADHESION ON POLY(N-
ISOPROPYL ACRYLAMIDE) BRUSHES. BIOMACROMOLECULES, 2013, 14 (1), pp 92–100.” Copyright 2013 American Chemical Society. 
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do not uniformly collapse above 32°C do support thermally switchable protein and cell 
adsorption [90]. Additionally, cells adhere reversibly to PNIPAM brushes at intermediate 
chain densities, but dense brushes are cell resistant above the LCST [91, 141].  
 The underlying substrate also appears to influence the coating performance. The 
“reversibility” of bio-adsorption, for example, depended on whether the supporting 
material was poly(dimethylsiloxane) [162], tissue-culture polystyrene (TCPS) [81, 84], 
silanized glass coverslips [78], silanized silicon wafers [90, 163], thiol-modified gold 
films [89, 164], positively charged surfaces [165] or hydrophobic substrates [166, 167]. 
Fewer cells reportedly adhere to gels on hydrophilic glass coverslips than on PNIPAM 
gels on TCPS, for example [78]. These differences could result from differences in 
protein interactions with the underlying substrates. Alternatively, the substrate could 
alter polymer configurations, and in turn perturb adsorption. Polymers grafted on chain-
adsorbing substrates, such as hydrophobic materials, adopt pancake configurations 
rather than the extended chains on non-adsorbing surfaces [3, 61, 167, 168]. The 
propagation of substrate effects also depends on the polymer thickness. Thick PNIPAM 
gels on hydrophobic tissue culture polystyrene repelled cells, but thinner gels supported 
cell attachment [81, 84]. The latter observations were attributed to postulated 
differences in polymer hydration. However, this explanation is inconsistent with 
observed bioadhesion to dilute, water swollen PNIPAM brushes above the LCST, but 
repulsion from dense, presumably less hydrated brushes [91, 141]. 
 The difficulty in defining general design criteria for PNIPAM coatings derives 
largely from the limited understanding of physical chemical mechanisms of temperature-
dependent, protein interactions with PNIPAM. Because extracellular matrix proteins 
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support cell adhesion, the mechanism(s) underlying temperature-dependent protein 
interactions with PNIPAM films are central to establishing design criteria for “smart”, bio-
adhesive substrates.  
 Theoretical models of protein interactions with polymer brushes provide physical 
insight into possible adsorption mechanisms and the polymer properties that control 
them [60, 71, 169-172]. End-grafted, polymer brushes are attractive models for 
biomaterials because the polymer molecular weight and grafting density determine the 
brush properties and consequent interactions with biological macromolecules. Theory 
predicts that proteins interact with brushes in good solvent, by adsorption to the grafting 
substrate (primary adsorption), insertion into the brush (ternary adsorption), or 
adsorption to the outer edge of the brush (secondary adsorption) [60, 67] (Fig. 1.1). 
Recent experimental studies suggested that protein insertion into PNIPAM brushes 
(ternary adsorption) underlies efficient protein capture above the LCST and complete 
release below the LCST [91]. At 37°C, the observed maximum in adsorbed protein with 
respect to the chain grafting density is a signature of ternary adsorption [91]. In the latter 
case, the use of protein repellant grafting substrates to repress primary adsorption was 
somewhat idealized because more commonly used materials adsorb proteins. 
Therefore, the influence of primary adsorption on thermally switchable bioadhesion was 
not determined in the previous study.  
 This study assessed protein adsorption under conditions that favor primary 
and/or ternary adsorption, in order to test how both adsorption mechanisms could affect 
the efficacy of temperature-controlled protein/cell adhesion or release. Large format 
gradients [30, 33, 152] were used to screen cell adhesion, as a function of the PNIPAM 
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grafting density, substrate chemistry, and temperature with similar molecular weights. 
This behavior was compared with protein adsorption data.  Our previous findings 
indicated that the grafting density, rather than the molecular weight, has the greatest 
effect on protein adsorption on low molecular weight PNIPAM brushes [90]. Accordingly, 
this study focused on low molecular weight PNIPAM brushes, in order to reveal the 
effect of grafting density more clearly. To explore the role of substrate chemistry on 
protein and cell adsorption, PNIPAM chains were grafted from mixed self-assembled 
monolayers (SAM) terminated with oligoethylene glycol (OEG), carboxy (COOH), 
hydroxyl (OH), or methyl (CH3) moieties. These findings demonstrate that conditions 
favorable to primary protein adsorption correlate with good cell attachment above the 
LCST, but with slow or inefficient release below 32°C. However, repressing primary 
adsorption with nonfouling grafting substrates or appropriate chain grafting densities 
results in both good cell adhesion above the LCST and facile protein and cell release 
below 32°C. 
 
3.2 MATERIALS AND METHODS 
Cell adhesion and detachment on PNIPAM gradients 
 Cell adhesion experiments were carried out, by culturing NIH 3T3 fibroblasts on 
PNIPAM gradients (For detail, refer to Chapter 2). Cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM), supplemented with 10% (v/v) fetal bovine serum 
(FBS), 100 units/ml penicillin, and 100 µg/ml streptomycin in a humidified 5% CO2 
atmosphere. Before seeding the cells, the PNIPAM gradients were placed in a tissue 
culture dish, sterilized under UV light for 10 min, and then immersed in 1% penicillin-
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streptomycin solution for 1 h. The cells were harvested from tissue culture flasks with 
0.1% trypsin. Then 5 ml of a 3T3 cell suspension (105 cells/ml) in supplemented DMEM 
was added to a 60 mm Petri dish containing the PNIPAM gradient. 
 The Petri dish was placed in a humidified 5% CO2 atmosphere for 20 h. After 
that, adhered cells were observed with a Zeiss Axiovert 200M microscope (Carl Zeiss, 
Thornwood, NY) equipped with a temperature-controlled stage. Phase contrast images 
of cells were taken at three different positions on the PNIPAM gradients that 
corresponded to dry PNIPAM thicknesses of 2.5 nm, 5.0 nm, and 8.0 nm. To assess 
temperature-dependent cell detachment, the 37°C medium was replaced with 25°C 
medium, and phase contrast images of cells at the identical spots were observed after 1 
h. Attached cells were characterized according to the number of cells per area, spread 
area, and circularity using ImageJ (Ver 1.44p, NIH).  
 
Protein adsorption 
 The adsorbed protein was quantified from the change in the dry sample 
thickness before and after exposure to fetal bovine serum (FBS) [161, 173, 174]. The 
thickness of proteins was measured with a Gaertner ellipsometer with a HeNe laser 
(model L116C) and a LGEMP program (Gaertner Scientific Corp.).  The angle of the 
incident 632.8 nm light was 70º in all measurements. The refractive index used for the 
adsorbed protein was 1.46 [175, 176].  
 Protein adsorption was determined after incubating the bare SAMs or PNIPAM 
brushes in DMEM, supplemented with 10% (v/v) FBS, 100units/ml penicillin, and 100 
µg/ml streptomycin. The initial incubation was for 20 h at 25°C, and then the 
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temperature was increased to 37°C for 20 h. In order to test the reversibility of protein 
adsorption at 37°C, the temperature was then returned to 25°C. After 1h at 25°C, the 
substrates were removed from DMEM, washed gently with PBS at 25°C, followed by 
deionized water, and then dried under a gentle stream of N2.  The adsorbed protein Γ 
(ng/cm2) was determined from Γ = h(n-no)/(dn/dc), where h is the protein thickness, n0 
and n are the refractive indices of the layer before and after protein adsorption, 
respectively, and dn/dc is the refractive index increment (dn/dc = 0.18 for FBS) [177, 
178]. 
 
3.3 RESULTS 
Switchable cell adhesion depends on the grafting substrate 
 The efficiency of temperature-dependent cell attachment and release was then 
compared for cells adhered to the different PNIPAM coatings above and below the 
LCST. In this study, the grafting densities on these large format gradients allowed for 
both primary and ternary adsorption, and covered a sufficient range of densities to 
identify conditions where the substrate chemistry influenced thermally switchable cell 
adhesion. PNIPAM brushes on OEG-coated SAMs allow only ternary adsorption [91], 
and were thus used as a reference. Proteins can similarly undergo ternary adsorption 
on PNIPAM brushes on other substrates, but the main difference is the capacity for 
primary adsorption on OH-, CH3-, and COOH-SAM substrates. Thus, at similar grafting 
densities and molecular weights, deviations in cell adhesion relative to reference 
brushes would identify additional protein adsorption modes and their influence on cell 
adhesion. 
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 Fig. 3.1A compares the number of cells attached per area after a 20 h incubation 
at 37°C, and then after 1 h at 25°C. The bare OEG-SAMs supports the weak 
attachment of a few cells. Cells on the OEG-SAMs were rounder and had smaller 
spread areas than cells on the other SAMs (see Fig. 3.2). Also, few cells detached from 
bare SAMs at 25°C.  The limited release, particularly from the OEG-SAMs may be aided 
by temperature-triggered changes in cell contractility  [179].  
 As the area per PNIPAM chain decreased from 1450 to 650 Å2/chain, fewer cells 
attached at 37 °C, independent of the grafting substrate. At the same time, the absolute 
density of attached cells depended on the substrate chemistry, with more cells attaching 
to brushes on OH-, CH3-, and COOH-SAM than on OEG-SAMs, at all grafting densities 
considered. In general, the cell densities on brushes at a given chain area differed from 
those on the OEG-SAMs, but were otherwise similar.  This is a statistically significant 
difference in cell density on brushes on CH3- versus COOH-SAMs at 25°C and 900 
Å2/chain. 
 The rapid cell release within 1hr of lowering the temperature also depended on 
both the chain grafting density and the substrate chemistry (Fig. 3.1B). At 650 Å2/chain 
(high density), significantly fewer cells adhered at 37°C relative to brushes at 1450 
Å2/chain, and >90% of those cells detached from all PNIPAM coatings, within 1hr at 
25°C. The efficiency of cell release also depended on the grafting substrate. At 
900Å2/chain, the percentage of detached cells decreased in the following order: OEG-
SAM > CH3-SAM > COOH-SAM ≈ OH-SAM. In particular, at 25°C, PNIPAM grafted 
from nonfouling OEG-SAMs released >90% of the cells, even at 1450 Å2/chain. 
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Interestingly, more cells detached from PNIPAM on CH3-SAMs than from PNIPAM on 
OH- or COOH-SAMs, at 1450 and 900 Å2/chain.  
 The spread cell areas and circularity were also quantified according to substrate, 
chain grafting density, and temperature (Fig. 3.2). Cell spreading decreased with 
increasing PNIPAM density with a molecular weight of 30 kDa. Consistent with prior 
findings [91], the cells were rounder and smaller on brushes at 650 Å2/chain (high 
grafting density). Below the LCST, cells were less spread and rounder. A comparison of 
these cell parameters shows the dependence of the cell area and circularity among the 
four grafting substrates (Fig. 3.2). In particular, cells were smaller and rounder on 
PNIPAM on OEG-SAM compared to cells on the other coatings, at the same polymer 
grafting density, molecular weight, and temperature.  
 
Protein adsorption depends on the grafting substrate 
 Cells adhere to adsorbed matrix proteins, so we considered the dependence of 
protein adsorption on the grafting substrate. This provided insight into the mechanism(s) 
of protein adsorption, as well as their relationship between thermally switchable cell 
adhesion and the brush properties. The dry thicknesses of serum proteins adsorbed on 
bare SAMs (Fig. 3.3A) and on PNIPAM brushes grafted from SAMs at Σ = 1450 and 
650 Å2/chain (Figs. 3.3B, C) were measured at 25°C and at 37°C. The bare OEG-SAM 
was protein-resistant (~20 ng/cm2) [90, 180], whereas the bare COOH-SAM adsorbed ~ 
200 ng/cm2. Except for the OEG-SAMs, there was no difference (p-value > 0.05) in the 
amount of serum proteins adsorbed on any of the other SAMs, at 37 °C versus 25 °C.   
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 The thermal reversibility of protein adsorption was also tested. We compared the 
adsorbed amounts on PNIPAM grafted from the four different SAMs at Σ = 1450 
Å2/chain, while cycling the temperature from 25°C to 37°C and then back to 25°C (Fig. 
3.3B). The point of these measurements was to check for differences in the reversibility 
of protein adsorption upon temperature cycling. The initial incubation at 25°C 
established a baseline for comparison with temperature dependent changes, and 
differences between SAMs are presumably due to differences in protein interactions 
with the underlying substrates—that is, to primary adsorption. The change at 37°C is 
therefore attributed to altered protein interactions with PNIPAM chains. FBS adsorption 
on PNIPAM at 37°C for 20 h mimics conditions used in cell adhesion studies, as does 
the quantification of protein retained 1 h after decreasing the temperature to 25°C.  
 The amount of serum protein adsorbed on PNIPAM grafted from the COOH-SAM 
was the highest, followed by CH3-SAM and OH-SAMs, whereas PNIPAM grafted from 
the OEG-SAM was quite protein-repellent. One hour after returning the temperature to 
25°C, a small portion of protein desorbed from brushes on SAMs, which varied 
depending on grafting substrates. For example, 10% and 20% of FBS were released 
from PNIPAM on COOH and OEG-SAMs, respectively. The adsorbed amount, after 
decreasing the temperature, dropped nearly to the initial amount measured after 20 h at 
25°C. Thus, although some proteins desorbed from the polymer, most of them still 
remained robustly adsorbed to the substrate. Incubating the brushes for 2 days at 25°C 
scarcely altered the results. Protein adsorption on brushes grafted from surfaces coated 
with OTS versus OEG silanes on silicon wafers was similar (not shown). 
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 At a high grafting density (Σ = 650 Å2/chain), the amount of FBS adsorbed on 
PNIPAM grafted from all the SAMs was negligible at 25°C, whereas all the PNIPAM 
surfaces adsorbed ~40 ng/cm2 regardless of grafting surface property (Fig. 3.3C). Upon 
the temperature return to 25°C, most proteins desorbed from the surfaces and the 
remaining amount was comparable to the amount measured initially at 25°C.  
 
3.4 DISCUSSION 
 Comparison of protein adsorption and cell adhesion on brushes at similar density 
and molecular weight demonstrates that substrate chemistry influences bioadhesion on 
thermally switchable PNIPAM coatings. Because cells adhere to adsorbed extracellular 
matrix proteins, the dependence of protein adsorption on the PNIPAM grafting density 
and substrate provide insight into possible mechanism(s) underlying switchable bio-
absorption. Theory predicts that proteins could interact with polymer brushes by primary 
adsorption, secondary adsorption, and/or ternary adsorption [60, 67, 71].  
 Recent findings suggested that ternary adsorption enables rapid protein and cell 
release from PNIPAM below the LCST [91]. First, proteins adsorbed to brushes grafted 
from OEG-terminated-substrates, which suppress primary adsorption [91]. Secondary 
adsorption was not observed, and may only be important for long cylindrical proteins 
[67]. Second, the reported maximum in the adsorption versus grafting density profile is 
characteristic of ternary adsorption. Third, protein adsorption increased with decreasing 
chain density. Such brushes also rapidly released cells and protein at 25°C.  Together, 
these data support our postulate that ternary adsorption or a very similar protein 
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adsorption mechanism underlies protein (and cell) adhesion above the LCST and rapid 
release below the LCST.  
 Protein adsorption did not depend strongly on advancing water contact angles. 
There was little difference in contact angles on PNIPAM brushes at 37°C versus 25°C 
(< 10°) at 1450 and 650 Å2/chain, but protein adsorption depended strongly on the 
polymer density. This result confirms that macroscopic surface hydrophobicity does not 
correlate with protein adsorption and consequent cell adhesion. 
 These data show that less serum proteins adsorbed on the denser brushes, 
which would prevent primary adsorption but allow ternary adsorption. Under such 
conditions, serum protein that adsorbed at 37°C detached rapidly at T < LCST (Fig. 
3.3C). Cells adhered to these brushes also rapidly detached at 25°C (Fig. 3.1B). This 
behavior contrasts with inefficient or slow cell detachment from surfaces with robustly 
bound proteins. 
 In contrast to brushes on OEG-SAMs, at 25°C, significantly more serum protein 
adsorbed on bare OH–, CH3–, and COOH–SAMs, and did not detach from bare OH-, 
COOH-, and CH3-SAMs or from brushes on these substrates, even after 2 days (Fig. 
3.1B). Importantly, the difference in protein adsorption relative to reference brushes on 
OEG-SAMs increased with decreasing grafting density, and hence with conditions that 
enable primary adsorption.  
 Direct proof that proteins undergo ternary and primary adsorption would require 
neutron or X-ray reflectivity studies of protein density profiles within the brushes. 
Nevertheless, the results presented here support a model (Fig. 3.4), where proteins 
strongly adsorb to the grafting substrates (primary adsorption) at lower grafting 
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densities, and do not detach at T < LCST.  By contrast, protein adsorbed to polymer at 
T > LCST, rapidly released at T < LCST (Fig. 3.3B,C). 
 The protein adsorption behavior correlated directly with cell attachment and 
release. The high densities of adherent, well-spread cells above the LCST and 
inefficient or slow cell release correlated with the amounts of “irreversibly” adsorbed 
protein (Figs. 3.1, 3.3). The impaired cell adhesion and release from brushes (Fig. 3.1) 
corresponded with the protein adsorption trends (Fig. 3.3). Conversely, higher density 
chains that rapidly released proteins at 25°C similarly rapidly released cells. This 
behavior is governed by both the chain densities and by the substrate chemistry. 
 A recent model predicted that cell detachment at T < LCST may also involve 
accelerated integrin-ECM bond disruption due to PNIPAM swelling and increased cell-
surface repulsion [181]. The findings presented here show that cells remain attached to 
some coatings after 1 h of chain swelling, although prior findings suggest that more cells 
may detach over longer periods [90]. The detailed mechanism(s) by which PNIPAM 
swelling could disrupt focal adhesions is not the focus of this study. These results 
instead identified substrate-dependent differences in serum protein adsorption that alter 
rapid, thermally triggered changes in cell adhesion.  
 It is worth noting that these studies used fibroblasts and investigated individual 
cell behavior rather than cell sheets. There may be cell type and cell density dependent 
differences in cell detachment behavior [179], but exploring this is beyond the scope of 
this work.  Nevertheless, in addition to cell sheet engineering, these findings are broadly 
relevant to many other applications, such as protein separations, fouling release 
coatings, and drug delivery. 
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 Interestingly, PNIPAM grafted from the CH3-SAM released significantly more 
cells at 25°C than brushes on COOH– or OH–SAMs. This difference could be explained 
by the cytophobic properties of the hydrophobic substrate [182]. Alternatively, PNIPAM 
may adsorb to the hydrophobic surface and adopt a pancake configuration that would 
better shield and/or coat the substrate [3, 168]. Poly(ethylene oxide) brushes on 
hydrophobic surfaces similarly exhibited lower than expected protein adsorption [3]. The 
latter observation was attributed to more effective surface passivation by poly(ethylene 
oxide) pancakes. 
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3.5 FIGURES 
 
 
Figure 3.1. Cell attachment on PNIPAM brushes grafted from different two component, 
self-assembled alkanethiol monolayers. A) Cell density on PNIPAM brushes grafted 
from CH3– (white), COOH– (hatch), OH– (light grey), and OEG– (black) terminated 
SAMs, after 20 h at 37°C.  B) Percentage of cells detached from PNIPAM brushes 
grafted from CH3– (white), COOH– (hatch), OH– (light grey), and OEG– (black) 
terminated SAMs, 1 h after decreasing the temperature from 37°C to 25°C. The error 
bars represent the standard deviation of the measurements. Here, * indicates a 
significant difference (p < 0.05) and ** indicates a significant difference (p < 0.01).  
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Figure 3.2.  Cell characteristics on PNIPAM brushes at 37°C and at 25°C.  Brushes 
were evaluated for 4 different grafting densities on 4 different substrates. The spread 
cell areas (µm2) were evaluated (A) at 37°C and (B) at 25°C. The cell circularity was 
also determined (C) at 37°C and (D) at 25°C. Each bar represents the average value of 
around 30 measurements. The error bars represent the standard deviation from the 
average. 
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Figure 3.3. Serum protein adsorption on bare SAMs and on PNIPAM brushes. A) 
Adsorbed amount of protein on CH3–, COOH–, OEG–, and OH–SAMs at 25°C and 
37°C. B) Reversibility of protein adsorption on PNIPAM brushes. The area per chain (Σ) 
is 1450 Å2/chain, and the degree of polymerization N = 200 ± 20. C) Reversibility of FBS 
adsorption on PNIPAM brushes. Σ is 650 Å2/chain and N = 200 ± 20.  The data indicate 
the adsorbed amount after incubation with the BSA solution at 25°C for 20 h, followed 
by an increase to 37°C for 20 h, and then 1 h after a subsequent reduction in 
temperature to 25°C. The error bars represent the standard deviation of the 
measurements. Here, * indicates a significant difference (p < 0.05) and ** indicates a 
significant difference (p < 0.01). Also, ND indicates no significant difference (p > 0.05). 
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Figure 3.4. Suggested model of protein adsorption on PNIPAM surface. Proteins 
strongly adsorb to the grafting substrates (primary adsorption) at lower grafting 
densities, and do not detach at T < LCST.  On the other hand, protein adsorbed to 
polymer (ternary adsorption) at T > LCST, rapidly released at T < LCST. 
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Chapter 4: Cell adhesion and migration on 
protein gradients 
 
4.1 INTRODUCTION 
 The broad goal of studies described in this chapter is to investigate cell migration 
and adhesion on large format gradients generated with the dipping tool described in 
Chapter 2 of this thesis. Chapter 2 describes the use of the large format gradients to 
determine how polymer grafting conditions influence thermally reversible cell adhesion 
to poly(N-isopropyl acrylamide) brushes.  In this chapter, I describe the use of large 
format gradients for high-throughput analyses of the influence of extracellular matrix 
composition on cell adhesion and migration, and I compare different analytical methods 
used to characterize cell migration.  
 In-vitro cell migration assays enable investigations of cell migratory behavior and 
the underlying mechanisms, by mimicking features of cell migration in vivo. A transwell 
migration assay [183] is one of most commonly used platforms for parallel, semi-high 
throughput cell migration determinations. This endpoint assay measures the number of 
cells that transmigrate through a porous membrane, but does not provide information on 
cell movement during migration and directionality. On the other hand, wound healing 
assays [105, 106] are commonly used to observe collective cell migration, which is 
inherently affected by cell-cell interactions, cell proliferation, and migration. The latter is 
also affected by cell damage during the wounding process.  
 Alternatively, the use of surface chemical platforms to study cell migration 
behavior as a function of the ligand identity and surface density provides better control 
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of ligand density on two-dimensional substrata [27, 184, 185]. These platforms also 
allow us to visualize cells and subcellular processes using a microscope, and thus 
enable analyses of cell trajectories for more detailed cell migration analysis [96, 184]. In 
addition, cells in vivo are postulated to migrate in response to various gradients of 
stimuli such as extracellular matrix composition and soluble signaling molecules [28]. 
Surface chemical platforms enable easier control of the physical or chemical gradient 
environment to study these processes [37, 38].  
 In this chapter, I prepared large format protein gradients for a high-throughput 
analysis of the effect of ligand density on cell adhesion and migration. Cell migration 
was quantified by either direct calculation of cell velocities and directionality or by fitting 
the cell trajectories to a persistent random walk model [186, 187]. The results 
demonstrate that cells on these gradients locally sense an isotropic extracellular matrix 
environment, and are unaffected by the anisotropic protein distribution on the substrate. 
This demonstrates the utility of these large format gradients for high throughput analysis 
of cell migration and adhesion on different extracellular matrix compositions, and 
presents an alternative to other gradient generators, such as microfluidic devices, which 
typically produce steeper gradients that could bias cell behavior [27, 38].    
 
4.2 MATERIALS AND METHODS 
Chemicals 
The chemicals 11-mercaptoundecanoic acid (MUA) and (11-mercaptoundecyl)-
tetra(ethylene glycol) (OEG) were purchased from Aldrich. The linkers 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide HCl (EDC) and N-hydroxysuccinimide (NHS) were 
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from Pierce. All aqueous solutions were prepared with ultrapure water with a resistivity 
of 18.2 MΩ·cm. 
 
Cell culture 
Michigan Cancer Foundation-7 (MCF-7) or 3T3 cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM), supplemented with 10% (v/v) fetal bovine serum 
(FBS), 100 units/ml penicillin, and 100 µg/ml streptomycin. MDA-MB-231 human breast 
tumor cells, purchased from ATCC were cultured in Roswell Park Memorial Institute 
(RPMI) medium supplemented with 10 % FBS, 100 units/ml penicillin and 100 µg/ml 
streptomycin. All three cell lines were cultured in a humidified 5% CO2 atmosphere at 
37°C.  
 
Gradients of ECM proteins or E-cadherin 
Gold coated glass slides were prepared as mentioned in Section 2.2 in Chapter 2. 
Gradients of two alkanethiols of MUA and OEG were prepared by dipping a clean, gold 
coated slide vertically into the ethanolic MUA solution (10 µM), and controlling the 
dipping rate as a function of time with the dipping control tool (see Chapter 2). The time 
to generate a 30 mm linear gradient on a gold-coated slide required 10 min. After the 
first dipping step, the gradient was immediately rinsed with ethanol and dried with N2. 
Then, this one-component gradient was then backfilled with OEG (20 µM in ethanol) for 
24h at room temperature. The slide was rinsed with ethanol and then sonicated in 
ethanol, and dried with a filtered N2. After that, proteins (collagen type I, laminin or E-
cadherin) were conjugated on the two-component gradient using a carboxyl reactive 
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crosslinker. The slide was immersed into the mixed solution of EDC (20 mM) and NHS 
(60 mM) in acetate buffer (pH 5.5) for 2 h to activate carboxyl-terminated 
alkanethiolates [27]. The activated surfaces were rinsed with the acetate buffer to 
remove the unreacted reagents and incubated in protein solutions (10 µg/ml) in 
phosphate-buffered saline (PBS, pH 7.4) for 2 h at room temperature. Then, the 
surfaces were consecutively rinsed with PBS and water, and finally dried in air.  
 
Ellipsometric determination of protein gradients 
Proteins covalently conjugated on SAMs were quantified by measuring the thickness of 
the adsorbed protein layer, as a function of the position along the gradient in the dipping 
direction [161, 173, 174]. The detailed procedure to measure the protein thickness by 
ellipsometry and to convert the thickness to the surface density was described in 
Chapter 3. 
 
Cell adhesion and spreading on collagen-coated gradient surfaces 
 In order to measure cell adhesion to the protein films, a protein conjugated 
surface was placed in a tissue culture dish, sterilized under UV light for 10 min, and 
then immersed in 1% penicillin-streptomycin solution for 1 h. MCF-7 cells were 
harvested from tissue culture flasks after treatment with 0.1% trypsin. The cells were 
pelleted by centrifugation in a bench top centrifuge, and finally resuspended in the 
appropriate culture medium for the specific cell type. Then 5 ml of a cell suspension (3 x 
105 cells/ml) in 10% FBS-supplemented medium was added to a 60 mm Petri dish 
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containing the protein conjugated slide, and incubated a humidified 5% CO2 
atmosphere for 6 h at 37°C.  
 Adhered cells were observed with a Zeiss Axiovert 200M microscope (Carl Zeiss, 
Thornwood, NY) equipped with a temperature-controlled stage. Phase contrast images 
of cells were taken at three different positions on the collagen gradient along the dipping 
direction. Attached cells were characterized by quantifying the cell perimeter, spread 
area, and circularity using ImageJ (Ver 1.44p, NIH). Here, the circularity was calculated 
as 4π×(area)/(perimeter)2
.  
 
Cell migration on ECM protein- or E-cadherin-coated surface 
 A protein (collagen I and laminin) gradient surface was placed in a tissue culture 
dish and sterilized as mentioned above. Then 5 ml of a 3T3 or MDA-MB-231 cell 
suspension (2 x 104 cells/ml) in 10% FBS-supplemented medium was added to a 60 
mm Petri dish containing the protein-conjugated gold coated slide, and incubated a 
humidified 5% CO2 atmosphere at 37°C for 6 h. After that, the cell culture medium was 
replaced by Leibovitz's L-15 medium. Then, cells were observed with a Zeiss Axiovert 
200M microscope equipped with a temperature-controlled stage. Phase contrast images 
of cells were taken at different positions every 15 min for 12 h. Individual cell paths were 
tracked using ImageJ. In order to quantify the cell migration behavior, cell velocity was 
defined in the following three ways (Fig. 4.1): (1) the average (instantaneous) cell 
velocity is the total cell path length divided by total migration period, (2) the overall cell 
velocity is the net cell displacement during migration period divided by total migration 
period, and (3) nonlinear least squares fits of cell tracking data to a random walk model 
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determined the persistence and cell speed [186, 187]. Also, the cell directionality [188] 
was calculated by the net displacement during migration period divided by total cell path 
length. 
 
Cell path analysis using persistent random walk model  
Individual cell migration paths can be described quantitatively as correlated or 
persistent random walks [189]. The cell speed (S) and persistence time (P) can then be 
determined by fitting the mean square cell displacement as a function of time to a two-
dimensional random walk model [189]. The mean square displacement of a cell moving 
in an isotropic environment satisfies  
 
〈 !〉 = 2$!%  − %&1 − '()/*+  (4.1) 
where 〈 !〉 is the average squared displacement over time. Using the experimental cell 
movement data, 〈 !〉 in the time interval of td is given by: 
 
〈 !〉 = ),(-.)∑ 01 + Δt − 1Δt
!+4 + Δt − 4Δt!5,(-678  (4.2) 
where x and y define the location of a cell, ∆t is a sampling (imaging) time period, and N 
is the number of data points. In this study, the two parameters S and P were estimated 
from nonlinear least squares fits of the data to Equation 6.1, using the Levenberg-
Marquardt method [190]. The criteria for selecting cells to model in this study followed 
published protocols [187]. First, nonmotile or colliding cells were excluded [187, 191]. 
Here, nonmotile cells were defined as cells that stayed at the same position for more 
than 30% of the total observation time. Several cells that stopped moving and rested in 
the middle of the observation period were also excluded. Only isolated individual cells 
that did not collide, merge with other cells, or divide during the observation period were 
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selected for quantitative analysis. Then, experimental data obtained for time intervals 
between 4·∆t and tmax/2 were used for the fitting procedure, where tmax is the total 
observation time—typically 12 - 16 h. After fitting the data to Equation 6.2, cells with P ≤ 
2·∆t or P ≥ tmax/3 were also excluded from further analysis [187]. For each case, the 
mean and standard error of the mean were calculated. Values of the fitted parameters 
were compared using the Student’s t-test with unequal variance [192].  
 
4.3 RESULTS 
MCF-7 cell adhesion on a collagen gradient  
 The adsorbed amount of dried, adsorbed collagen on a two-component surface 
gradient of MUA and OEG was quantified by ellipsometry. The determined surface 
density of collagen increased linearly with the gradient position, and the coverage varied 
linearly from 0.3 mg/m2 to 1.2 mg/m2
 
(Fig. 4.2A). Images of MCF7 cells adhered to this 
collagen gradient were taken at three different positions at 0, 10, 25 mm along the 
dipping direction. These positions corresponded to the collagen surface densities of 0.3 
± 0.1, 0.6 ± 0.2, and 1.2 ± 0.2 mg/m2. The total number of cells adhered on the collagen 
coated surfaces at 0.27, 0.63 and 1.17 mg collagen/m2 was 96, 115, and 127 cells/mm2, 
respectively. Also, the morphology of MCF-7 cells adhered depended on the collagen 
surface density at different positions on the glass slide. The spread cell areas at the 
collagen surface density of 0.3 ± 0.1, 0.6 ± 0.2, and 1.2 ± 0.2 mg/m2 were 559 ± 116, 
2311 ± 216, 3902 ± 328 µm2, respectively (Fig. 4.2B). That is, MCF7 cells spread better 
on the surfaces with higher collagen density. Accordingly, the cell perimeter similarly 
correlated with the spread cell area and with the collagen surface density (Fig. 4.2C). In 
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addition, cells were more elongated randomly at higher collagen density, and hence 
exhibited lower circularity (Fig. 4.2D). Considering that the cell diameter was 20 µm, the 
change in collagen concentration over a single cell was 7 × 10-4 mg/m2, which was 
significantly small compared to the standard deviation of collagen concentration (~ 0.2 
mg/m2). Therefore, it was expected that cells would not elongate along the 
concentration axis of the large format gradient. The determined parameters 
characterizing adhered MCF-7 cells on collagen surface gradients are summarized in 
Table 4.1. 
 
Fibroblast migration on laminin gradients  
 The migration patterns of 3T3 fibroblasts on the laminin-coated gradient revealed 
the dependence of cell motility on the local laminin density. The surface density of 
laminin adsorbed on the gradient surface increased linearly from 0.16 to 1.75 mg/m2 
(500 to 6000 molecules/µm2) with position along the dipping direction (Fig. 4.3A). Here, 
the laminin gradient was ∆c/∆x = 6×10-5 mg/(m2•µm) and the local concentration would 
vary by 0.7 % over a distance of 10 cell diameters. The average velocities at the laminin 
densities of 0.16, 0.9, 1.5 mg/m2 was 11.5 ± 0.5 (N = 31), 12.3 ± 0.6 (N = 36), 14.5 ± 0.7 
µm/h (N = 29), respectively (Fig. 4.3B). The average velocity slightly increased as the 
laminin density increased.  On the other hand, the overall velocity appeared to increase 
slightly from 3.4 ± 0.2 µm/h to 5.5 ± 0.6 µm/h with the laminin density, but the difference 
was not statistically different at the 95% confidence level (p = 0.19) (Fig. 4.3C). 
Similarly, the directionality does not appear to be affected by the local laminin density (p 
> 0.35) (Fig. 4.3D).  
66 
 
 As shown in wind rose plots [98, 187] (Fig. 4.3E), cells moved in all directions in 
each local region on the gradient surface. Therefore, cell migration paths were 
alternatively analyzed with the persistent random walk model.  In about 70 % of the cell 
paths that were not included in the random walk analysis, the persistence was too small 
(P ≤ 2·∆t) or too high (P ≥ tmax/3) [187], where ∆t is a sampling time period and tmax is 
the total observation time. Based on these random walk analyses, the cell speed was 
8.1± 0.4 µm/h (N = 11) at the laminin density of 0.16 mg/m2, 8.2 ± 1.0 µm/h (N = 10) at 
0.9 mg laminin/m2 and 10.7± 1.41 µm/h (N = 11) at 1.5 mg laminin/m2 (Table 4.2). Also, 
the values of the fitted persistence were 1.5 ± 0.2, 1.4 ± 0.3 and 1.5 ± 0.2 h at the 
laminin densities of 0.16, 0.90 and 1.5 mg/m2, respectively. All cell migration results, 
based on the different analysis methods are summarized in Table 4.2.  
  
Epithelial cell migration on laminin gradients  
 A large format laminin gradient was also used to investigate MDA-MB-231 cell 
migration on laminin surface. This is a human epithelial breast cancer cell line that 
expresses integrins but not human epithelial cadherin (E-cadherin). Cell movements 
were analyzed with the same analytical methods mentioned above. The laminin surface 
density on this gradient changed linearly from 0.2 mg/m2 to 1.5 mg/m2 according to 
position along the dipping direction (Fig. 4.4A). Here, the laminin gradient was ∆c/∆x = 
6×10-5 mg/(m2•µm) and the local concentration would vary by 0.9 % over a distance of 
10 cell diameters. The average velocity of cells at three different laminin densities of 0.3 
± 0.2 , 0.8 ± 0.2, 1.8 ± 0.3 mg/m2 was 11.1 ± 0.49 (N = 48), 13.2 ± 0.60 (N = 49), 16.9 ± 
1.26 µm/h (N = 50), respectively (Fig. 4.4B). Also, the overall velocity at 0.3 ± 0.2 , 0.8 ± 
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0.2, 1.8 ± 0.3 mg/m2 was 3.4 ± 0.2, 4.2 ± 0.4, 5.5 ± 0.6 µm/h (Fig. 4.4C). Both the 
average and overall velocities increased with increasing local laminin density. In 
contrast, the migration directionality determined at three different laminin density values 
was quite similar, at the 95% confidence level (p > 0.49) (Table 4.3, Fig. 4.4D). The 
paths of cells on substrates with different laminin density, as depicted in windrose plots, 
showed that cells on surfaces with a higher amount of laminin moved farther from their 
original position (Fig. 4.4E).  
The persistent random walk modeling was also used to quantify MDA-MB-231 
cell migration on laminin. Similar to the observed dependence of the overall and 
average cell migration velocities on laminin density, the cell speed, determined from 
data fits to the random walk model, increased with the laminin surface density, at the 
protein densities used in this study. However, the persistence was not statistically 
different over the range of laminin densities tested (0.3 - 1.8 mg/m2), at the 95% 
confidence level (p > 0.57). The determined parameters for MDA-MB-231 cell migration 
on laminin-coated gradients are summarized in Table 4.3.  
 In addition, MDA-MB-231 cell migration on an intercellular cell adhesion 
molecule, E-cadherin gradients is discussed in Appendix A.    
 
4.4 DISCUSSION 
 In this study, large format gradients of collagen or laminin were developed, in 
order to investigate the effect of these extracellular matrix proteins on cell adhesion and 
migration. Cells in a ligand or receptor gradient environment tend to be polarized by 
redistributing signaling receptors and then move in a gradient direction toward the 
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region with a higher ligand density [193-196]. This is expected when the gradient is 
sufficiently steep that cells experience a concentration difference on length scales 
comparable to the cell diameter [26, 197]. In contrast, all of the cell migration 
experiments with protein gradients in my study showed that cells traveled randomly in 
an isotropic manner (see windrose plots, Figs. 4.3E, 4.4E). That is, cells did not show 
any preferred directionality with respect to the gradient axis. I attribute this to the 
shallow concentration gradient on the large format gradients. The laminin concentration 
gradient was 6×10-5 mg/(m2•µm), such that the local environment (~10 cell diameters) 
where cells migrated varied by less than 1 %, and was therefore fairly homogeneous 
and isotropic on the length scale of the cells. Therefore, cells did not sense the 
macroscopically anisotropic protein concentrations, and the cell migration behavior 
reflected cell responses to the local, uniform extracellular matrix environments. This 
enabled us to then assess the dependence of specific cell behaviors on the ECM 
protein identity and local concentration, using the single gradient platforms.  
 The alpha-2 integrin subunit is known to play a role in MCF-7 cell adhesion on 
collagen [198]. MFC-7 cells adhered to the surface coated with collagen in both a 
concentration-dependent and a time-dependent manner [199]. As the collagen surface 
density increased, more cells adhered and spread better with an elongated morphology 
(Fig. 4.1). Cell adhesion on collagen occurs within a few hours and there was no 
significant change in cell morphology such as the spread area after 6 h.  
 Both 3T3 and MDA-MB-231 cells showed a similar dependence of cell migration 
behavior on laminin-coated surfaces. The cell velocity represented as average velocity, 
overall velocity, or cell speed increased with the laminin surface density. On the other 
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hand, the directionality and persistence were not affected by the laminin density, 
confirming the insensitivity to the overall protein anisotropy.    
Palecek et al. [96] prepared fibronectin and fibrinogen coated surfaces with 
different coating concentration to investigate the effect of integrin-ligand binding on cell 
migration. In the study in this chapter, a large format protein gradient was used for a 
similar purpose. Palacek and coworkers investigated a wider range of ECM surface 
densities, and the cell velocity exhibited a bell-shaped dependence on the ECM 
concentration. At the protein concentrations investigated here, I only observed an 
increase in the velocity with increasing ECM density.  Because the goal of this study 
was, in part, to test the utility of large format gradients for high throughput analyses, I 
did not explore a wider range of concentrations, although this would be feasible with the 
large format dipping tool.   
Cell migration in all directions confirmed that this gradient could provide fairly 
uniform and isotropic local environments. Therefore, this large format gradient platform 
makes it possible to carry out a high-throughput screen of cell behaviors versus protein 
density without the influence of local protein concentration changes that would direct 
cell migration.   
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4.5 TABLES 
Table 4.1. MCF-7 cell adhesion on collagen I coated surfaces.  
Collagen density (mg/m2) 0.27 0.63 1.17 
No. cells adhered (cells/mm2) 
 
96 115 127 
Spread area (µm2) 559 ± 116 2311 ± 216 3902 ± 328 
 Perimeter (µm) 88 ± 12 217 ± 18 302 ± 19 
 Circularity 0.89 ± 0.06 0.65 ± 0.06 0.55 ± 0.04 
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Table 4.2. 3T3 fibroblast migration on laminin coated surfaces. 
Laminin(mg/m2) 0.16 0.90 1.5 
No. cells 31 36 29 
Average velocity (µm/h) 11.5 ± 0.48 12.3 ± 0.63 14.5 ± 0.73 
Overall velocity (µm/h) 3.1 ± 0.24 3.5 ± 0.29 3.7 ± 0.35 
Directionality  0.27 ± 0.02 0.28 ± 0.02 0.26 ± 0.02 
No. cells fitted to a model 11 10 11 
Speed (µm/h) 8.1± 0.42 8.2± 0.98 10.7± 1.41 
Persistent time (h) 1.51± 0.25 1.45± 0.26 1.49± 0.17 
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Table 4.3. MDA-MB-231 cell migration on laminin coated surfaces. 
 
  
Laminin density (mg/m2) 0.3 0.8 1.3 
No. motile cells 48 (40%) 49 (38%) 50 (38%) 
No. immotile cells 71 (60%) 81 (62%) 82 (62%) 
Average velocity (µm/h) 11.1 ± 0.49 13.2 ± 0.60 16.9 ± 1.26 
Overall velocity (µm/h) 3.4 ± 0.25 4.2 ± 0.35 5.5 ± 0.57 
Directionality  0.32 ± 0.02 0.32 ± 0.02 0.34 ± 0.02 
No. cells fitted to a model 24 25 23 
Speed (µm/h) 10.0 ± 0.8 13.9 ± 1.1 17.0 ± 2.8 
Persistent time (h) 1.8 ± 0.3 1.7 ± 0.3 2.0 ± 0.3 
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4.6 FIGURES 
 
 
 
Figure 4.1. Calculation of average and overall velocities from cell paths 
 
 
74 
 
 
Figure 4.2. Adhesion of MCF-7 cells on collagen gradient surface. (A) Collagen 
adsorption as a function of position along the dipping direction, (B) cell perimeter, (C) 
cell spread area, and (D) cell circularity at collagen surface density of 0.27, 0.63 and 
1.17 mg/m2. The zero position is the top position along the gradient direction.  
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Figure 4.3. Quantification of mobility of 3T3 fibroblasts on laminin coated surface. Cell 
speed and persistence time were fit to cell migration experimental data by applying a 
persistent random walk model. (A) laminin surface density according to position along 
the dipping direction, (B) average velocity, (C) overall velocity, (D) directionality, which 
was obtained by the net displacement divided by total cell moving distance, and (E) 
windrose plots of cell migration at 0.16 ± 0.1, 0.9 ± 0.15 and 1.5 ± 0.2 mg/m2. Error bars 
indicate standard error of the mean. * indicates the p-value of p < 0.01 and ** indicates 
p < 0.05. 
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Figure 4.4. Quantification of mobility of MDA-MB-231 cells on laminin coated surface. 
Cell speed and persistence time were fit to cell migration experimental data by applying 
a persistent random walk model. (A) laminin surface density according to position along 
the dipping direction, (B) average velocity, (C) overall velocity, (D) directionality, which 
was obtained by the net displacement divided by total cell moving distance, and (E) 
windrose plots of cell migration at 0.3 ± 0.2, 0.8 ± 0.2 and 1.3 ± 0.3 mg/m2. Error bars 
indicate standard error of the mean. * indicates the p-value of p < 0.01 and ** indicates 
p < 0.05. 
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Chapter 5: Wound healing assay using soft 
lithography 
 
5.1 INTRODUCTION 
Wound healing assays are commonly used to understand cell motility and 
migration, in response to chemical, physical and biological signals. One of the more 
common wound healing assays is a scratch-wound assay, in which a pipette tip or laser 
ablation is used to remove cells from a defined area, in order to create a wound in a cell 
monolayer. Cell migration into the wound to fill the gap can then be quantitatively 
analyzed [10, 200, 201]. This assay is simple in implementation, but it has several 
drawbacks. First, it is a low throughput tool, because the ability to create only a few 
wounds on a single monolayer limits the number of repetitive measurements with a cell 
monolayer preparation. Second, the boundary and size of a wound are not controlled or 
clearly defined, and this makes the selection of the wound area relatively subjective and 
also prone to large variations in size and geometry. Third, reproducible wound healing 
experiments require the reproducible production of well-controlled wound geometries 
and areas, which is difficult to achieve by manual scratching. Moreover, it is inevitable 
that cells lining the wound area are damaged or dead after cell removal, and this alters 
the dynamics and possibly the mechanism of wound healing [108, 202, 203]. Laser 
ablation produces precisely controlled wounds, but it similar generates cell debris that 
may affect outcomes.   
In this chapter, I describe two different wound healing approaches that were used 
in this research. First, I describe the micropatterning of a thermally responsive, poly(N-
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isopropyl acrylamide) (PNIPAM) brushes, as described in Chapter 2, in order to create 
thermally-regulated, cell resistant gaps within a cell monolayer (Fig. 5.1A). The region 
occupied by PNIPAM brushes is cell-repellant at T < 32 °C, whereas it becomes 
permissive for cell attachment at T > 32 °C [90, 141, 204] (see Chapter 2). By exploiting 
this property of PNIPAM coatings, I sought to generate micropatterned polymer-
occupied regions to create gaps in confluent cell monolayers at < 32 °C. Upon 
increasing the temperature above 32 °C, cells were expected to migrate into the gap 
covered by the PNIPAM brushes (Fig. 5.1B). 
Alternatively, I investigated a wound healing assay that used an elastomeric 
stencil of micropillars that was recently reported to create a well-defined gap in cell 
layers with controllable size and shape [108]. The stencil was used to create a gap in 
regions that were initially covered by the micropillars. Previous studies with these 
devices investigated the impact of damaged cells or cell debris on the dynamics of 
wound healing [108, 202, 203]. Here, I describe the use of the micropillar arrays to 
create gaps by stamping the pillars on a confluent endothelial monolayer and then 
monitoring gap closure after lifting off the micropillar stencil. I also created damage-free 
endothelial gaps. The results of time-lapse images of gap closure and quantitative 
analysis of gap closure dynamics in each of these cases are discussed.  
 
5.2 MATERIALS AND METHODS 
Chemicals  
 N-Isopropylacrylamide and 1,1,4,7,7-penta-methyldiethylenetriamine (PMDETA) 
were purchased from Acros. CuBr was from Aldrich. NIPAM monomer was 
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recrystallized from hexane. The PNIPAM disulfide initiator (BrC(CH3)2COO(CH2)11S)2, 
were synthesized as described previously [142, 205](see Chapter 2). A silicon 
elastomer kit (Sylgard 184) was from Dow Corning. Photoresist, SU8-2050 and SU8 
developer were purchased from MicroChem. All aqueous solutions were prepared with 
ultrapure water with a resistivity of 18.2 MΩ·cm. 
 
Cell culture 
NIH 3T3 cells or bovine aortic endothelial cells (BAECs) were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 10% (v/v) fetal 
bovine serum (FBS), 100 units/ml penicillin, and 100 µg/ml streptomycin in a humidified 
5% CO2 atmosphere at 37°C.  
 
Wound healing assay using micropatterned PNIPAM surface 
 A proposed procedure to create gaps using PNIPAM micropatterning consists of 
three sequential steps: soft lithography [2, 206], microcontact printing of polymer initiator 
[54, 207, 208], and polymerization from the substrate (Fig. 5.1A). These steps are 
described below. 
 
Soft lithography  
 A silicon wafer was cleaned for 1 h in piranha solution (H2SO4: H2O2 mixture; 3:1, 
v/v) at 120 °C, then rinsed with deionized water, and dried under a stream of N2. 
Photoresist (SU8-2050, MicroChem) was spin coated on the cleaned wafer surface. Air 
bubbles remaining in photoresist were removed with a plastic transfer pipette, before 
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spinning the wafer. The spin speed was ramped up to 500 rpm for 10 s, maintained at 
3300 rpm for 30 s, and then ramped down to stop. Then, the photoresist-coated wafer 
was baked for 5 min at 65 °C and then for 20 min at 90 °C. The coated wafer was then 
exposed to UV light for 15 s with a mask aligner under vacuum contact mode, in order 
to transfer micropatterns onto the wafer.  After UV exposure, the wafer was post-
exposure baked for 1.5 h at 55 °C. Finally, the coated wafer was immersed in the SU-8 
developer (1-methoxy-2-propyl acetate, MicroChem) for 15 min at room temperature.  
 A PDMS elastomer was fabricated by the casting method as mentioned in 
previous publications [206, 209]. Briefly, a PDMS base and a curing agent (Sylgard 184, 
Dow Corning) (w/w, 9:1) were mixed thoroughly and poured on the silicon template, 
then degassed in vacuum, and cured at 60 °C for 2 d in the oven. The PDMS stamp 
was then peeled off from the silicon template in ethanol. 
  
Microcontact printing 
 A glass coverslip (22x22 mm, Corning) was cleaned for 1 h in piranha solution 
(H2SO4: H2O2 mixture; 3:1, v/v) at 120 °C, then rinsed with deionized water, and dried 
under a stream of N2. Before using the PDMS stamp, it was sonicated in ethanol for 10 
min and dried under N2. Next I coated a cleaned glass surface with a 10mM PNIPAM 
disulfide initiator in hexane, by using a clean cotton swab. After drying the surface for 5 
min in air, I placed the stamp on the initiator-coated surface and pressed it slightly for 10 
s. Then, the stamp with the initiator ink was placed on a cleaned glass coverslip, and 
pressed gently against the slide for a few seconds. Finally, the initiator-patterned glass 
coverslip was rinsed with ethanol and dried under a stream of N2. 
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Micropatterned polymer brushes 
 The resulting initiator-patterned glass coverslip was placed in a reaction vessel. 
Three cycles of vacuum and N2 filling created a nitrogen environment inside the vessel. 
NIPAM monomer (0.5 M) was dissolved in MeOH:H2O (7:3, v/v) and degassed by 
bubbling with N2 gas for 15 min. Then, CuBr (5 mM) and PMDETA (15 mM) were added 
to the NIPAM solution. The mixture was transferred into the reaction vessel until the 
substrate was fully immersed. The polymerization reaction was performed at room 
temperature under a nitrogen atmosphere for 5 min. After the reaction, the PNIPAM-
patterned coverslip was rinsed with methanol; sonicated in methanol, ethanol, and 
water for 3 min each; and then dried under a stream of filtered N2. 
 
Time-lapse imaging of gap closure on PNIPAM patterned surface 
 A glass coverslip with PNIPAM micropatterns was attached on the bottom of a 35 
mm diameter tissue culture dish with a 12 mm-hole in the middle of the bottom. NIH-3T3 
fibroblasts (5×104 cells/cm2) were seeded in the dish and incubated for 2 h at 30 °C in a 
microscope environmental chamber supplying a humidified 5% CO2 atmosphere. After 
temperature increase to 37°C, gap closure was observed. Cell images were taken every 
15 min with a Zeiss Axiovert 200M microscope (Carl Zeiss, Thornwood, NY) on phase 
contrast mode.  
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BSA adsorption on a PNIPAM-patterned surface 
 Fluorescein isothiocyanate labeled bovine serum albumin (FITC-BSA) in PBS 
(0.5 mg/ml) was dropped on a PNIPAM-patterned surface so that the surface was fully 
covered by FITC-BSA. Then, it was incubated for 2 h at 25 °C or 37 °C and rinsed with 
copious amounts of deionized water and dried in air.   
 
Wound healing assay using PDMS micropillars 
PDMS Micropillars 
 A silicon wafer was cleaned for 1 h in piranha solution (H2SO4: H2O2 mixture; 3:1, 
v/v) at 120 °C, then rinsed with deionized water, and dried under a stream of N2. To get 
around 100 µm pillar height, I dispensed photoresist (SU8-2050, MicroChem) on the 
cleaned wafer surface and ramped the spin speed up 500 rpm for 10 s, held the spin 
speed at 2500 rpm for 30 s, and then ramped it down to stop. Finally, air bubbles 
remaining in photoresist were removed with a plastic transfer pipette followed by baking 
for 5 min at 65 °C and then for 20 min at 95 °C. After the latter “soft bake”, the coated 
wafer was exposed to UV light for 13 s with an aligner under vacuum contact mode, in 
order to transfer micropillar patterns onto the wafer.  After UV exposure, the wafer was 
post-exposure baked for 2 min at 65 °C and then for 8 min at 95 °C. Finally, the coated 
wafer was immersed in the SU-8 developer (1-methoxy-2-propyl acetate, MicroChem) 
for 15 min at room temperature. PDMS micropillars were then fabricated by using the 
same method as mentioned above except that the PDMS mixture was cured at 140 °C 
for 24 h.  
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Gaps with cell damage 
 A 35 mm glass bottomed dish was coated with collagen I (20 µg/ml) for 40 min. 
Then, BAECs were seeded (5×104 cells/cm2) onto the collage-coated surface and 
incubated for 1-2 d. After the cell monolayer formed, the stencil (Figs. 5.2A,B) was 
gently pressed on the cell monolayer for a few seconds and then removed (Fig. 5.2C). 
Before use, the stencil was submersed in a 1% (w/v) Pluronic surfactant solution 
(Pluronic® F108 Prill, BASF) for 1 h and rinsed with phosphate buffered saline (PBS) to 
prevent cells from adhering to the micropillars.  
 
Gaps without cell damage 
I created multiple circular gaps with different diameters (10–90 µm), using 
micropillar stencils (Figs. 5.2A,B). The procedure used to generate circular gaps of 
defined diameters, but without cell damage, is shown in Fig. 5.2D. To confine enough 
cells under the stencil such that they would grow to confluence, cells (5×104 cells/cm2) 
were first incubated with the substrate for 3 h so that they barely attached on the glass, 
before placing the Pluronic-coated stencil with a small iron plate attached to the top 
(Fig. 5.2D). After 1 – 2 d incubation, a magnetic bar was used to abruptly lift off the 
PDMS stencil, in order to minimize damage to the monolayer during stencil removal.  
 
Time-lapse imaging of gap closure using micropillars 
Live-cell imaging was performed with a Zeiss Axiovert 200M microscope (Carl 
Zeiss, Thornwood, NY) equipped with an environmental chamber maintains the 
temperature at 37°C and CO2 at 5%. Phase contrast images of gaps in an endothelial 
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monolayer were taken with a 10x objective and a 1.6x optovar every 1.5 min for 2-4 h. 
The time evolution of the gap area was quantified based on time-lapse image data 
using AxioVision (Carl Zeiss) and ImageJ (Ver 1.48e, NIH). Several parameters were 
calculated from time-lapse images, in order to quantify gap closure dynamics: gap 
closure time as a function of initial gap diameter, initial rate of area decrease (calculated 
from the slope of gap area versus time), and the initial radial velocity (calculated from 
the slope of the gap size versus time). These data were obtained during the first 30 min 
after starting observation. 
    
5.3 RESULT  
Gap creation on a PNIPAM patterned surface 
 A PDMS stamp with multiple lines (~ 10 µm wide) was successfully developed 
using soft lithography (Fig. 5.3A). PNIPAM was grafted from the initiator patterns that 
were generated by microcontact printing the initiator with the stamp. The region filled 
with PNIPAM brushes was protein-resistant at T < 32 °C (Fig. 5.3B). When cells were 
seeded on a PNIPAM-patterned glass surface, cells attached on the bare glass, but not 
on polymer brushes. Therefore, narrow lined gaps were clearly observed after cell 
attachment (Fig. 5.3C), and could be used in a temperature-triggered wound healing 
assay. 
 
Fibroblast gap closure dynamics 
 Gap closure within a fibroblast cell monolayer was investigated using the 
proposed wound healing platform that was based on PNIPAM micropatterning. Cells 
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located at the leading edge gradually moved into the gaps, which was initiated by 
lamellipodia protrusion (Fig. 5.3D). Although this approach showed lamellipodia 
extension and cell migration across gaps for wound healing, the experiment and result 
revealed some disadvantages. In order to keep maintain cell-repulsive polymer brushes 
that were needed to create gaps, the initial cell incubation temperature needed to be 
below 32 °C, which is not optimal for cell adhesion and proliferation. Therefore, after 2 h 
incubation at 30 °C, cells barely attached on the surface and their shapes were rounded. 
An incubation for more than 2 h at 30 °C did not improve cell adhesion. Moreover, the 
boundaries of the gaps generated after cell attachment were not clearly defined (Fig. 
5.3D), and this made it difficult to analyze quantitatively the dynamics of collective cell 
migration during gap closure.  
 
Gap creation using PDMS micropillars  
 In order to generate micropillar arrays with sufficient rigidity to use as stencils, it 
was necessary to optimize the PDMS formulation. A conventional PDMS curing 
condition (PDMS base : curing agent = 10:1, curing temperature of 60 °C, curing time of 
24 h) [207] resulted in the collapse of the 10 µm diameter micropillars. This pillar with a 
high aspect ratio of ~10 instead stuck to the stencil as soon as a micropillar stencil was 
detached from a silicon template (Figs. 5.2A, B). To increase the stiffness of PDMS 
pillars, I used a higher curing temperature of 140 °C, and a lower ratio of PDMS base to 
curing agent of 8:1 [210], compared to the more common protocol (60°C, 10:1). This 
caused approach resulted in 10 µm pillars that were rigid, and remained upright in air 
(Fig. 5.2B).     
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 Multiple circular gaps in cell monolayers with different diameters were created, by 
pressing and then lifting off a stencil of micropillars on a BAEC monolayer. When 
stamping the stencil on the cell monolayer, cells under the stencil were pulled off in the 
center region and were damaged or dead near the gap boundary (Fig. 5.4A). The 
“crushed cell” stamping process causes substantial damage to the cytoplasm and 
deformed the nucleus [202]. 
 Creating gaps without cell damage and debris (undamaged gap) was more 
challenging. Pressing the stencil against the dish tends to force cells out of the gap. 
Moreover, it was very critical but difficult to manually remove the stencil, while 
conserving the gap size and shape after gap creation. Using a magnetic bar to remove 
the PDMS stencil from a cell monolayer preserved the gap size and shape and 
prevented cell damage during lift off (Fig. 5.2D). Circular gaps with diameters of 10–90 
µm were thus successfully created on a BAEC monolayer (see Fig. 5.5A).  
 
Crushed endothelial gap closure dynamics 
  Time-lapse imaging of crushed gaps revealed that cells lining the gap extended 
their lamellipodia prior to the collective cell migration into the gap from all the directions 
(Fig. 5.4A). Fig. 5.4B shows the gap area linearly decreased with time for all the gap 
sizes. The time required in order to decrease the gap areas below 1,000 µm2 was 
linearly proportional to the initial gap size (Fig. 5.4C). A larger gap initially decreased 
with a faster speed because more cells around the gap contribute to gap closure (Fig. 
5.4D). On the other hand, the initial radial velocity of gap closure did not show any 
dependence on the initial gap size. Instead, it was 0.35 ± 0.05 µm/min (N = 22) during 
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the initial stage of gap closure, for all the gap sizes investigated (Fig. 5.4E). The results 
obtained with crushed gaps are summarized in Table 1. 
 
Undamaged endothelial gap closure dynamics 
 Using the undamaged gap creation method mentioned above (Fig. 5.2D), circular 
gaps with diameters of 20-90 µm were created on a BAEC monolayer. The determined 
gap closure parameters are summarized in Table 2. Unlike the crushed gaps, cells 
located at the gap boundary were intact (Fig. 5.5A). The trend in the decrease of 
undamaged gap area as a function of time was similar to that of crushed gaps (Fig. 
5.5B). A gap was initially invaded by lamellipodia from cells at the boundary, and then 
these cells moved into the gap to cover the empty region. The 90 µm diameter gap 
closed completely within 1.5 h. The gap closure time increased with the initial gap size 
(Fig. 5.5C). Also, the initial rate at which the area decreased increased linearly with the 
initial gap size (Fig. 5.5D). The gap area decreased at an almost constant radial velocity 
of 0.7 ± 0.09 µm/min (N = 47) during the initial stage of gap closure, regardless of the 
initial gap size (Figs 5.5D, E).  
 
5.4 DISCUSSION    
Thermo-responsive polymers and wound closure  
 Although cells attached only to the bare glass regions, but not to the polymer 
coated region that defined a gap area, this wound healing assay imposed several 
limitations on wound healing studies. Cells incubated with these substrates at 30 °C for 
2 h spread less well than cells at 37 °C did. In fact, cell metabolism is influenced by 
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temperature, and this alters cell adhesion, protein expression, proliferation and viability 
in in-vitro cell culture [211-213]. The temperature increase from 30 °C to 37 °C first 
changed the cell morphology (increased cell adhesion area), and then cells migrated 
into gaps in which the PNIPAM surface property was altered at the higher temperature. 
Accordingly, this approach was not effective because the temperature change itself 
affected cell behavior and undoubtedly the gap closure dynamics also. 
  
Micropillars and wound closure 
 The wound healing assay based on the use of micropillar stencils could create 
both damaged and undamaged gaps within an endothelial monolayer, in a controlled 
manner. It was not clear from this experiment how damaged cells influenced gap 
closure. However, the closure of damaged gaps was distinctly slower than the closure 
of undamaged gaps. For instance, the initial rate at which the gap area decreased for a 
40µm damaged gap (13.7 ± 1.7 µm2/min, N = 6) was significantly slower than 
determined for the same sized undamaged gap (42.1 ± 2.5 µm2/min, N = 7) (p < 10-5). 
Also, the initial radial velocity of damaged gaps (0.35 ± 0.05 µm/min, N = 22) was twice 
lower than that of undamaged gaps (0.7 ± 0.09 µm/min, N = 47) (p < 10-5). This 
indicates that injured cells or cell debris slowed gap closure.  
 A recent study showed that gap closure in the presence of cell debris required 
non-muscle myosin II dependent clearance of cell debris, followed by cell migration into 
the gap. This additional clearing step slightly decreased the wound healing rate [202]. 
Also, the release of chemical factors from damaged cells or cell debris can alter gene 
expression and cellular signaling, which in turn might affect cell migration [203, 214]. 
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Unlike crushed gap closure, the closure dynamics of an undamaged gap was not 
affected by influence from cell debris.  
 In summary, these findings demonstrated that the wound healing assay using 
micropillars is a more flexible tool than more common approaches used to study wound 
healing or collective cell migration in-vitro. This is because cell damage, gap size and 
gap shape could be well controlled with this approach.   
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5.5 TABLES 
Table 5.1. Dynamics of crushed BAECs gap closure. 
 
Gap size 
(µm) 
Time for area < 
1000 µm2 (min) 
Initial rate of area 
decrease (µm2/min) 
Initial radial velocity 
(µm/min) 
40 33.7 ± 15.9 13.7 ± 1.7 0.23 ± 0.02 
70 113.5 ± 13.8 24.6 ± 5.3  0.18 ± 0.03  
90 121.2 ± 11.9  41.6 ± 8.3  0.24 ± 0.04 
110 242.5 ± 18.6      54.1 ± 12.4  0.24 ± 0.05  
135 297.6 ± 15.5 78.2 ± 8.6 0.28 ± 0.03 
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Table 5.2. Dynamics of undamaged BAECs gap closure. 
 
Gap size 
(µm) 
Time for gap closure 
(min) 
Initial rate of area 
decrease 
(µm2/min) 
Initial radial velocity 
(µm/min) 
20 30.4 ± 1.2 14.3 ± 0.8 0.50 ± 0.03  
30 39.4 ± 2.7 28.1 ± 1.3  0.54 ± 0.02 
40 44.3 ± 3.8 42.1 ± 2.5 0.58 ± 0.05 
50 53.5 ± 3.8 43.3 ± 4.0 0.45 ± 0.05 
60 57.1 ± 4.2 62.6 ± 5.6 0.52 ± 0.05 
70 69.8 ± 2.0 55.7 ± 2.4 0.37 ± 0.02 
80 72.1 ± 1.5 86.9  ± 5.5 0.53 ± 0.03 
90 89.0 ± 10.1 91.0 ± 21.4 0.51 ± 0.13 
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5.6 FIGURES 
 
Figure 5.1. Wound healing assay based on PNIPAM micropatterning. A) Schematic 
diagram of develop a PNIPAM-micropatterned surface. B) Gap closure by lamellipodia 
expansion by temperature change on a PNIPAM-patterned surface. 
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Figure 5.2. Wound healing assay using PDMS micropillars. A) Scanning electron 
microscopy (SEM) images of micropillars. B) Side view of micropillars with 10-30 µm 
diameters.  The red dashed circles show the collapsed 10 µm diameter pillar obtained 
with the standard PDMS protocol (top) and the rigid pillars obtained with the altered 
protocol (bottom).  C) Procedure to make crushed gaps within a cell monolayer. First, 
make a cell monolayer (step 1). Then, place a stencil on the dish for 10 s (step 2) and 
lift it off (step 3). D) Procedure to make undamaged gaps in an endothelial monolayer. 
First, fill a glass bottom Petri-dish with endothelial cells in FBS supplemented growth 
medium and incubate for 3 h (step 1). Then, place a stencil on the dish (step 2) and 
incubate for ~ 1 day, so that cells attach to the glass surface surrounding the pillars 
(step 3). Finally, detach the stencil with a magnet to create undamaged gaps of different 
sizes (step 4). 
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Figure 5.3. Gap closure on a PNIPAM-patterned surface. A) PDMS stencil with 
micropatterns. The width of lines is ~ 10 µm. B) Fluorescence image of FITC-BSA 
(green) adsorbed on a PNIPAM-micropatterned surface. FITC-BSA only attached on the 
bare glass region, but not on PNIPAM patterns. C) Cell attachment after incubation for 2 
h at 30 °C, followed by incubation for 10 min at 37 °C. D) Dynamics of gap closure in a 
3T3 fibroblast monolayer. Here, gaps comprised multiple lines with widths of ~10 µm 
(top panels) and ~80 µm (bottom panels). Here t = 0 is defined by the increase in the 
ambient temperature to 37 °C after a 2 h incubation at 30 °C. Scale bars indicate 100 
µm. 
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Figure 5.4. Crushed BAEC gap closure dynamics quantified after stencil removal. A) 
Snapshots of time-lapse, phase contrast images (16 x magnification) at different times 
after stencil life-off. Scale bars are 50 µm. B) Gap area versus time after stencil lift off 
determined with gap diameters of 40, 70, 90, 110 and 135 µm, C) Time required for 
area to decrease below 1,000 µm2 as a function of the initial circular gap size, D) Initial 
rate of area decrease as a function of the initial gap size, E) Initial radial velocity as a 
function of the initial gap size. The initial rate of area decrease and initial radial velocity 
were determined by considering the images taken for 30 min after starting gap decrease. 
  
96 
 
 
Figure 5.5. Dynamics of undamaged gap closure quantified after stencil removal. A) 
Snapshots of phase contrast time-lapse images during gap closure. Here t = 0 is 
defined as 10 min after removing the pillar stencil. The initial gap diameters are 20 (top) 
and 80 µm (bottom). Scale bars are 50 µm. B) Gap area versus time, measured with 
initial gap diameters from 20 to 90 µm, C) Gap closure time as a function of the initial 
circular gap size, D) Initial rate of area decrease as a function of the initial gap size, E) 
Initial radial velocity as a function of the initial gap size. The initial rate of area decrease 
and initial radial velocity were determined by considering the images taken for 30 min 
after starting gap decrease. 
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Chapter 6: Role of cortactin in endothelial gap 
closure 
 
6.1 INTRODUCTION 
 Acute lung injury (ALI) is a clinical syndrome of acute respiratory failure with 
substantial morbidity and mortality (Johnson, 2010). There are approximately 200,000 
new ALI patients every year in the US. The mortality rate is 40 %, and there is no 
effective therapeutic treatment [109]. The causes of ALI include lung failure, sepsis, 
multiple trauma and/or shock [109]. In particular, ventilator-induced lung injury (VILI) 
results from a complex interplay between various mechanical forces acting on lung 
structures during lung overinflation, followed by the severe activation of protective 
biological responses and inflammation [111]. Endothelial barrier disruption allows fluid 
and macromolecules into the interstitium and pulmonary air space [15]. Pulmonary 
endothelial gap closure is thus necessary to both restore paracellular integrity and 
recover the vascular barrier function after disruption.  
 The pulmonary vascular barrier function is thought to be regulated by a balance 
between barrier enhancing and disrupting forces, both of which are regulated by the 
actin cytoskeleton and by proteins such as myosin light chain kinase (MLCK), α-actinin 
and cortactin [15]. In this respect, it is postulated that endothelial barriers are modulated 
by the actomyosin cytoskeleton, in response to multiple stimuli.  
 Endothelial gap formation, caused by the disruption of cell-cell adhesion, triggers 
the locomotion of vascular endothelial cells, and this presumably contributes to 
endothelial re-sealing [15, 16]. Wound healing mechanisms potentially involve cell 
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spreading into the wound or lamellipodial extension and cell migration to fill a wound 
site. Actin filament assembly and remodeling at the leading edge of the cell controls cell 
spreading and lamellipodia extensions. Actin binding proteins regulate actin 
polymerization [215, 216], and the balance between monomeric G-actin and filamentous 
F-actin contributes to the actomyosin force generation, which results in the change in 
cell shape by lamellipodia formation [215].  
 The actin related protein (Arp) 2/3 complex nucleates branched actin filaments 
that underlie lamellipodia protrusion and cell locomotion [217]. A number of nucleation-
promoting factors, such as members of the Wiskott-Aldrich syndrome protein (WASP) 
family and cortactin stimulate Arp 2/3 activity to nucleate filament assembly. In 
particular, cortactin is an actin binding protein that regulates dynamic actin networks in 
many cellular processes such as cell migration, by directly binding to the Arp 2/3 
complex (Fig. 1.2) [218]. Cortactin is able to coordinate actin-driven membrane 
protrusion, in response to multiple signals at adhesive contacts, following tyrosine 
phosphorylation [218]. Several studies investigated the critical role that cortactin plays in 
regulating pulmonary endothelial barrier integrity in response to, for example, the 
barrier-enhancing agonist, sphingosine-1-phosphase (S1P) and the barrier-disrupting 
agonist thrombin [219-221].  
 Although ventilator induced paracellular gaps can reanneal, a subset of patients 
with single nucleotide polymorphisms (SNPs) are predisposed to ALI [115, 116, 222-
225]. Of recently identified, disease-linked SNPs, a subset involve cortactin and myosin 
light chain kinase, which are cytoskeletal proteins that regulate both the cell mechanics 
and the integrity of cell-cell junctions [115, 116]. In particular, genetic screens for ALI-
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linked SNPs identified the human cortactin SNP Ser484Asn [116]. Yet how cortactin 
and the ALI-associated cortactin SNP regulate endothelial barrier function has not been 
established. The cortactin SNP could impair the mechanical integrity of intercellular 
junctions, and make them more susceptible to mechanical damage.  Alternatively the 
cortactin SNP could impair wound-healing responses after paracellular gap formation, 
by impairing lamellipodial extension and/or cell motility.  
 The contribution of different cytoskeletal proteins such as cortactin to paracellular 
gap closure mechanism(s) in vitro are commonly assessed in wound healing assays, 
which monitor different aspects of gap closure in cell monolayers [10, 200, 226]. 
Different wound healing assays involve creating a gap in a cell monolayer, and then 
monitoring the cell migration into the wound to close the gap. Generally one quantifies 
the rates at which cells migrate into the wound region to close the gap [200, 201]. A 
standard wound healing assay is the scratch-wound assay, which was described in 
Chapter 5. 
 As discussed in Chapter 5 of this thesis, a limitation of the scratch wound healing 
assay is that it generates extensive cell damage and debris, which appears to influence 
the wound healing mechanism. To avoid this, I implemented a recently reported method 
that uses elastomeric pillar stencils to create well-defined gaps in a cell monolayer with 
controlled size and shape, but without significantly damaging the cells (see Chapter 5) 
[108].  
 Quantitative analysis of cell images was further used to investigate the impact of 
cytosolic proteins on molecular mechanisms during wound healing processes, in order 
to identify how disease-linked genetic variations alter the lamellipodia dynamics and cell 
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migration involved in wound healing. A recent study of epithelial gap closure revealed 
that mere cell spreading closed small gaps, whereas lamellipodial protrusion and 
subsequent cell migration was more important for closing large gaps [108, 227]. 
Because lamellipodia protrusion is the initial step in cell migration and is driven by actin 
assembly, quantifying lamellipodial protrusions and extensions is a first step towards 
identifying characteristics of endothelial barrier recovery. To this end, Hinz et al. [228] 
suggested a quantitative method for tracking the change in lamellipodia protrusion and 
ruffle retraction during wound healing.  
 In this chapter, I describe the use of engineering approaches to investigate the 
impact of the ALI-associated cortactin SNP on endothelial wound healing. Specifically, I 
used a fabricated, micropillar based wound healing platform (see Chapter 5), live-cell 
imaging, cell migration and kymography to define how cortactin and an ALI-associated 
cortactin SNP alter barrier reannealing in an endothelial cell monolayer.  
 
6.2 MATERIALS AND METHODS 
Cell culture and transfection 
Bovine aortic endothelial cells (BAECs) were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM), supplemented with 10% (v/v) fetal bovine serum (FBS), 100 
units/ml penicillin, and 100 µg/ml streptomycin in a humidified 5% CO2 atmosphere at 
37°C. Before transfection, cells were cultured in antibiotic-free DMEM for at least 2 
days. Then, the cells were harvested from tissue culture flasks with 0.1 % trypsin, 
centrifuged at 250×g for 5 min and resuspended with DMEM.  Then 2ml of a BAEC 
suspension (1.5 ×105 cells/ml) in supplemented antibiotic-free DMEM was added to a 
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collagen-coated, glass bottomed Petri dish. The Petri dish was placed in a humidified 5 % 
CO2 atmosphere at 37°C for 1 d. Then, cells were transfected with plasmid DNA 
encoding DsRed-tagged, wild type (WT) cortactin or cortactin S484N (gift from Prof. 
Steve Dudek, UI Chicago), using Lipofectamine 2000 (Life technologies), according to 
the manufacturer’s instructions. Transfected BAECs were incubated at 37 °C in growth 
medium for at least 24 h but less than 72 h, before use in experiments.  
Human pulmonary artery endothelial cells (HPAECs) were maintained in 
endothelial cell growth medium-2 (EGM-2) supplemented with 10% (v/v) FBS in the 
same environment as the BAECs. The cells were transfected with plasmid DNA 
encoding DsRed-tagged WT cortactin or cortactin S484N, by electroporation (Neon® 
Transfection System, Life Technologies) according to the manufacturer’s protocol. The 
parameters optimized for HPAEC transfection are as follows: pulse voltage of 1350 V, 
pulse width of 30, and pulse number of 1.  
Before observing wound healing, cell migration and lamellipodia dynamics, the 
cell culture medium was replaced with a CO2 independent medium (Life Technologies). 
 
Wound healing assay using micropillars 
For these studies, I used the micropillar array stencils (Fig. 6.1A; Chapter 5) to 
generate multiple circular gaps with different diameters (10 – 90 µm). The preparation of 
PDMS micropillars, undamaged gap creation (Fig. 6.1C) and live-cell imaging of gap 
closure were described in Section 5.2 in Chapter 5. In this present study, live-cell 
imaging was then performed with a Zeiss Axiovert 200M microscope (Carl Zeiss, 
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Thornwood, NY) equipped with a temperature-controlled stage. Phase contrast images 
of cells surrounding the gaps were taken with a 20x objective every 3 min for 3 – 4 h.  
 
Single cell migration 
Cell migration experiments were carried out with BAECs or HPAECs that were 
cultured on collagen-coated glass surfaces. Before seeding the cells, a tissue culture 
glass bottomed Petri dish was coated with collagen I, by incubating the dish with the 
collagen solution (20 µg/ml) for 40 min at room temperature. The cells were harvested 
from tissue culture flasks after treatment with 0.1% trypsin, pelleted by centrifugation in 
a bench top centrifuge, and finally resuspended in culture medium. Then 2 ml of a 
BAEC or HPAEC cell suspension (2×104 cells/ml) in culture medium supplemented with 
0.5 % FBS was added to each Petri dish, which was then placed in a humidified 5% 
CO2 atmosphere for 3 - 5 h at 37°C. After culturing the cells, adhered cells were 
observed at 10x with a Zeiss Axiovert 200M microscope (Carl Zeiss, Thornwood, NY) 
equipped with a temperature-controlled stage. Several (N > 20) positions were manually 
defined, in order to image cells at multiple positions sequentially, during a single 
experiment.  
Phase contrast images of cells were taken at different positions every 5 - 10 min 
for 12 - 16 h. Movements of individual cells were tracked using ImageJ (Ver 1.48e, 
NIH). In order to quantify cell migration behavior, cell velocity was defined in the 
following ways: (1) average (instantaneous) cell velocity, which is the total cell migration 
distance divided by the migration period, (2) overall cell velocity, which is the net cell 
displacement during migration period divided by the migration period, and (3) by 
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nonlinear least squares fits of cell tracking data to a random walk model. The detail 
modeling procedure was given in Chapter 4, section 4.2 [186, 187].  
 
Kymograph analysis 
Kymography is a graphical method used to represent a dynamic process, such 
as lamellipodial extensions, in a single image. To generate a kymograph, a small region 
with a width of one pixel is defined in an original series of time-lapse microscope 
images. To generate a kymograph, these regions from all of the images in y-axis are 
stacked as a function of time along the x-axis (see Fig. B.1).  
Live-cell imaging of lamellipodia was performed with a Zeiss Axiovert 200M 
microscope (Carl Zeiss, Thornwood, NY) equipped with a temperature-controlled stage. 
Phase contrast images of individual cells were taken with a 20x objective and Optovar 
(1.6x) every 6 s for 20 - 50 min. From images of single cells, lamellipodia that showed 
consistent and dynamic protrusion/retraction at the leading edge of each cell were 
selected for analysis. The dynamics of lamellipodial protrusion and retraction were 
analyzed on kymographs generated from the time-lapse movies using ImageJ. Four 
parameters were calculated from the kymographs, in order to characterize lamellipodia 
movement: protrusion rate, retraction rate, lamellipodial persistence (the amount of time 
during which lamellipodia protrudes before retraction), and the protrusion length. These 
four parameters were quantified in each cycle of lamellipodia protrusion and retraction, 
and then averaged over all peaks analyzed in the kymograph.  
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Western blot 
Confluent monolayers of non-transfected BAECs or of BAECs that 
overexpressed either DsRed-cortactin WT or the DsRed-cortactin SNP were lysed, and 
the lysate was clarified by centrifugation at 4°C. The collected cell lysates were boiled in 
Laemmli buffer (2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.002% bromophenol 
blue, 0.0625 Tris HCl; www.abcam.com) and proteins in the lysates were separated by 
sodium dodecyl sulfate- polyacrylamide gel electrophoresis (SDS-PAGE). The proteins 
were then transferred from the gels onto a polyvinylidene difluoride membrane, using a 
semi-dry blotting apparatus (BioRad). The transfer voltage used was 200 V and the 
transfer time was 30 min. After the transfer, the membrane was blocked with freshly 
prepared PBS containing 5% (w/v) BSA for 1 h at room temperature. The membrane 
was then immunostained overnight under agitation at 4°C with 1 µg/ml of anti-cortactin 
(p80/85) antibody, 4F11 (1:1,000 or 1 µg/µl) as the primary antibody. After this, we 
labeled with the secondary antibody—horseradish peroxidase conjugated, polyclonal 
anti-mouse IgG (1:8,000 or 0.625 µg/µl) (Sigma) for 2 h with agitation on a plate shaker 
at room temperature.  
 
Immunofluorescence microscopy 
To determine the subcellular distributions of actin and cortactin during gap 
closure, after the micropillar stencil removal, cells were fixed at different time points with 
4% (v/v) paraformaldehyde (Sigma) for 30 min at room temperature, permeabilized with 
0.1% Triton X-100 (Sigma) in PBS (v/v) for 5 min, and then blocked in 1% (w/v) BSA 
(Sigma) in PBS (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2PO4) for 20 
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min. Actin was visualized with Alexa Fluor 488-conjugated Phalloidin (Invitrogen) at 
1:100 (3 U/ml) in the blocking solution. Images were captured with a Zeiss Axiovert 
200M microscope (Carl Zeiss) with 20x objective and Optovar (1.6x). To quantify the co-
localization of cortactin with actin, the correlation coefficients between the spatial 
distributions of cortactin and actin fluorescence intensities were obtained, by using the 
ImageJ plug in, “Colocalisation Analysis” (Wright Cell Imaging Facility, University 
Network Research). 
 
6.3 RESULT  
Transfection of endothelial cells  
 The transfection of BAECs with plasmids encoding DsRed-cortactin WT or 
DsRed-cortactin S484N was confirmed with Western blots of DsRed-tagged and 
endogenous cortactin, and by visualizing the DsRed fluorescence in the transfected 
cells (Fig. B.2). The 70 – 80 % transfection efficiency obtained with the DsRed cortactin 
or with the DsRed cortactin SNP was determined from the number of discernibly 
fluorescent cells, with the microscope in fluorescence mode, and the total cells in phase 
contrast mode. In this study, the BAEC monolayers comprised ~80% of transfected cells 
and ~20% nontransfected cells.  
Similarly, the transfection of HPAECs with the DsRed cortactin or DsRed 
cortactin SNP using electroporation showed about 80% transfection efficiency. 
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Effect of WT cortactin and the cortactin SNP on gap closure 
 Circular gaps with diameters of 10 µm – 90 µm were successfully created on a 
cell monolayer, with a PDMS micropillar stencil. The size and shape of the gaps were 
well defined as designed (Fig. 6.1B). Coating pillars with a Pluronic block copolymer 
completely prevented cells from adhering to the sides of the pillars, and there was 
therefore no obvious cell damage when the stencil was removed from the cell 
monolayer. This resulted in clearly defined wound perimeters (Fig. 6.1B).   
 The dynamics of endothelial gap closure was analyzed, by observing the time 
evolution of the gap area, after removing the stencil (Fig. 6.2). The gap closure times as 
a function of the initial gap size are summarized in Table 6.1 and shown in Fig. 6.2A. All 
the values in the table indicate the mean ± standard error of the mean (SEM). Relative 
to WT BAECs, WT cortactin overexpression in BAECs shortened gap closure time (p < 
0.01 for all the gap sizes) (Fig. 6.2A). In contrast, the closure time of gaps with 
diameters of 70 - 90 µm by BAECs that overexpressed the cortactin SNP was longer 
than cells that overexpressed WT cortactin. The closure times were, respectively, 120 ± 
4.2 min versus 107 ± 4.0 min (p < 0.05) for 70 µm gaps;158 ± 5.4 min versus 123 ± 3.8 
min (p < 0.01) for 80 µm gaps; and 205 ± 11.4 min versus 163 ± 5.1 min (p < 0.01) for 
90 µm gaps (Fig. 6.2A).  
 The gap closure times by BAECs that overexpressed WT cortactin relative to 
BAECs that overexpereed the cortactin SNP are shown in Fig. 6.2B. In particular, the 
time to close large gaps (80 – 90 µm) by BAECs overexpressing the cortactin SNP was 
30% slower than BAECs overexpressing WT cortactin.  
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 The rate of the decrease in gap area increased linearly with the initial gap size, 
for studies with all BAECs, including nontransfected cells, cells transfected with WT 
cortactin, and cells transfected with cortactin SNP (Fig.6.2C). On the other hand, the 
radial velocity at which cells overexpressing WT cortactin or cortactin SNP reduced the 
gaps decreased with the initial gap size, whereas the radial velocity at which 
nontransfected cells closed the gap was independent of the initial gap size (Fig. 6.2D). 
The time needed for lamellipodia initiation and the initial radial velocity in small (20 µm) 
or large (90 µm) gaps are shown in Figs. 6.2E and 6.2F, respectively. The earlier 
lamellipodia formation increased the initial radial velocity, which was calculated by 
performing linear regression between gap diameter and time for the first 30 min (Fig. 
6.2F). 
 Gap closure can be achieved by either a purse-string closure mechanism or cell 
crawling into a gap, following lamellipodia extension [229]. The phalloidin staining 
showed actin accumulation in a string-like structure at the margins of the gap (Fig. 6.3), 
for gap diameters of 20 and 90 µm. However, this actin structure was disrupted as the 
gap closure proceeded and lamellipodia extended into the gap. Time-lapse imaging also 
showed the size reduction of a gap without lamellipodia, in the early stage of gap 
closure.   
Both WT cortactin and cortactin SNP overexpression in BAECs promoted earlier 
lamellipodia formation compared to untransfected cells (Fig. 6.2E). For a 20 µm gap, 
lamellipodia were initiated at t = 5 min from single or multiple cells surrounding the gap 
in BAEC monolayers that overexpressed either WT cortactin or cortactin SNP. In 
contrast, lamellipodia formed in t = 17 min, at the boundary of a gap in an untransfected 
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BAEC monolayer. The 5.1 ± 1.5 min required for lamellipodia formation in a 90 µm gap 
in the BAEC monolayer overexpressing WT cortactin was statistically similar to the 5.7 ± 
2.8 min required in a 20 µm gap in the same monolayer (p = 0.29, N = 14, 18). The 
lamellipodia from cells overexpressing the cortactin SNP appeared to form later (8.8 ± 
2.4 min required in a 90 µm gap) than those from cells overexpressing WT cortactin (5.1 
± 1.5 required in a 90 µm gap), but these values were not statistically different at the 
95% confidence level (p = 0.2, NWT = 26, NSNP = 14).  
 
Effect of WT cortactin or cortactin SNP on single cell migration 
 Cell velocity and directionality were calculated, based on the trace of cell 
movement for 12 h at 37 °C in CO2-independent medium. Windrose plots [98, 187] 
show that cells moved in all directions in a macroscopically isotropic environment (Fig. 
6.4A). The average velocity, overall velocity, and directionality of BAECs were 
calculated as described in Section 6.2 (Figs. 6.4B-D). The overexpression of WT 
cortactin in BAECs increased the overall cell velocity to 0.18 ± 0.02 µm/h from 0.12 ± 
0.01 µm/h (p = 0.013). The directionality also increased to 0.40 ± 0.035 from 0.28 ± 0.03 
(p = 0.014) for individual cell movements, relative to nontransfected cells (NWT = 35, 
NNON = 41) (see Figs. 6.4B-D). The overexpression of the ALI-linked cortactin SNP 
retarded the average velocity (0.35 ± 0.02 µm/h), relative to cells overexpressing WT 
cortactin (0.45 ± 0.02 µm/h) (p = 0.0007, NSNP = 41). The overall velocity of cells 
overexpressing the cortactin SNP was also decreased to 0.12 ± 0.01 µm/h from 0.18 ± 
0.02 µm/h (p = 0.01). On the other hand, although the cortactin SNP appeared to 
decrease the directionality of BAECs (0.34 ± 0.027) compared to WT cortactin (0.40 ± 
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0.035), the difference was not statistically significant (p = 0.16) at the 95% confidence 
level.  
Alternatively, the patterns of single cell migration were compared quantitatively, 
by analyzing their movement with the persistent random walk model described by Eqs. 
4.1 and 4.2 (Figs. 6.4E, F).  For nontransfected cells or cells that overexpressed either 
WT cortactin or cortactin SNP, 35 - 50% of the cell paths passed the selection criteria, 
and their trajectories were analyzed further to determine the cell speed and persistence. 
Of more than 50 % of cell paths that were not included in statistical analysis, their 
persistence was too small (P ≤ 2·∆t) or too high (P ≥ tmax/3). Based on these analyses, 
the average cell speed of nontransfected cells was 0.72 ± 0.08 µm (N = 14). On the 
other hand, the average speeds of cells overexpressing WT cortactin or cortactin SNP 
were 0.77 ± 0.09 µm (N = 18) and 0.57 ± 0.04 µm (N = 22), respectively. Also, the 
persistence of nontransfected cells, cells transfected with WT cortactin, and cells 
transfected with the cortactin SNP were 1.0 ± 0.2 h, 1.5 ± 0.3 h and 1.4 ± 0.2 h, 
respectively. Fits of the data to the persistent random walk model revealed that the 
speed and persistence of cells overexpressing the WT cortactin were statistically similar 
to nontransfected cells (fitted values are summarized in Table 6.2). Here p = 0.66 for 
comparison of the cell speed and p = 0.16 for comparison of the persistence (NWT = 18, 
NNON = 14). The overexpression of the cortactin SNP resulted in similar persistence (p = 
0.9, NSNP = 22, NWT = 18) to cells overexpressing WT cortactin, but the cell speed was 
lower (p = 0.045) (Figs. 6.4E, F).  
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 To summarize, WT cortactin contributed to the increase in persistence and thus 
the net displacement, while cortactin SNP attenuated the function of cortactin related to 
cell migration, especially cell velocity.  
The same cell migration experiment was performed with HPAECs. The migration 
patterns of individual HPAECs were similar qualitatively to those of BAECs (Fig. 6.5). All 
migration data, determined with the different analytical methods, cell types, and cell 
treatments, are summarized in Table 6.2. Similarly, HPAECs that overexpressed WT 
cortactin moved faster (overall velocity of 0.087 ± 0.008 µm/h) with greater directionality 
(0.34 ± 0.03) than nontransfected HPAECs (overall velocity of 0.056 ± 0.005 µm/h and 
directinality of 0.26± 0.023). These differences are statistically different, because p = 
0.001 for the overall velocity and p = 0.015 for the directionality (NWT = 44, NNON = 43) 
(see Figs. 6.5B-D). Data are summarized in Table 6.2.  
On the other hand, overexpression of the cortactin SNP slowed the HPAECs to 
0.034 ± 0.004 µm/h, and reduced their directionality to 0.248 ± 0.025, compared to cells 
overexpressing WT cortactin (p < 10-6 for the overall velocity, p = 0.02 for the 
directionality, NSNP = 44, NWT = 44). Based on fits to the random walk model, the 
overexpression of the cortactin SNP reduced the cell speed reduced to 0.21 ± 0.02 
µm/h from the 0.36 ± 0.04 µm/h observed with cells overexpressing WT cortactin. This 
difference was statistically significant (p = 0.0027, NWT = 19, NSNP = 11) (see Figs. 6.5E, 
F).  
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Effect of WT cortactin or cortactin SNP on lamellipodia dynamics 
 Lamellipodia are important for cell migration and thus gap closure. I therefore 
also quantified the lamellipodia dynamics of separated, individual cells (Fig. 6.6). Time-
lapse images of cells with active lamellipodia were acquired every 6 s for 20 min. The 
time interval of 6 s was short enough to capture lamellipodia dynamics—that is the 
periodicity of lamellipodia protrusion and retraction was long compared to the imaging 
frequency. Each kymograph consists of a few to tens of peaks, each of which 
represents one periodic lamellipodial protrusion and retraction cycle. Four parameters 
were calculated from each peak. The height of a peak is a protrusion length and the 
peak width before descending is lamellipodial persistence. Also, the ascending and 
descending slopes of the peak represent the protrusion and retraction rates, 
respectively (Fig. B.1). The parameter values were averaged over all peaks in each 
kymograph.  
 The overexpression of WT cortactin in BAECs increased the lamellipodial 
persistence to 1.96 ± 0.16 min from 1.05 ± 0.08 min in nontransfected cells (p = 0.0001, 
NWT = 14, NNON = 10) (Fig. 6.6A). Overexpression of WT cortactin also increased the 
protrusion length to 3.43 ± 0.16 µm from 1.75 ± 0.09 µm relative to that observed with 
nontransfected cells (p < 10-6) (Fig. 6.6B), and WT cortactin overexpression increased 
the protrusion rate similarly to 2.62 ± 0.16 µm/min from 1.99 ± 0.16 µm/min (p = 0.017) 
(Fig. 6.6C). On the other hand, the cortactin SNP reduced the lamellipodial persistence 
to 1.06 ± 0.06 min from 1.96 ± 0.16 min, relative to cells that expressed WT cortactin (p 
= 0.00016, NSNP = 9, NWT = 14) (Fig. 6.6A). Similarly, the cortactin SNP overexpression 
reduced the protrusion length from 3.43 ±  0.16 µm to 1.46 ±  0.09 µm (p < 10-6), and 
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also decreased the protrusion rate to 1.65 ± 0.15 µm/min from 2.62 ± 0.16 µm/min,  
compared to WT cortactin (p = 0.0005) (Figs. 6.6B, C).  
 To investigate the effect of the inflammatory mediator, thrombin on lamellipodia 
dynamics, BAECs were exposed to thrombin by incubating them with 50 nM thrombin 
for 10 min. The treated cells were then observed for 50 min by time-lapse imaging as 
described above. Pretreatment with thrombin resulted in cell contraction and the 
immediate decrease in cell adhesion area. Thrombin treatment also affected the 
lamellipodia dynamics of cells, particularly the lamellipodial persistence and protrusion 
length of BAECs that overexpressed WT cortactin (Figs. 6.6A, B).  
 Upon addition of thrombin, the lamellipodial persistence of BAECs 
overexpressing WT cortactin (1.06 ± 0.06 min) became statistically similar to 
nontransfected cells (1.12 ± 0.06 min) (p = 0.52, NWT = 13, NNON = 6). However, the 
cortactin SNP decreased the lamellipodial persistence from 1.12 ± 0.06 to 0.91 ± 0.07 
min (p = 0.028, NSNP = 13) (Fig. 6.6A). Also, BAECs overexpressing WT coratctin 
showed greater protrusion lengths (2.02 ± 0.11 µm) compared to nontransfected cells 
(1.66 ± 0.06 µm) (p = 0.014). BAECs overxpressing the coratctin SNP exhibited lower 
protrusion lengths (1.68 ± 0.10 µm) when compared to BAECs overexpressing WT 
cortactin (p = 0.039) (Fig. 6.6B). Both the protrusion (2.74 ± 0.12 µm/min) and retraction 
rates (3.25 ± 0.22 µm/min) of BAECs that overexpressed WT cortactin were higher than 
nontransfected cells (1.95 ± 0.14 µm/min, p = 0.0031 for the protrusion rate; 1.34 ± 0.27 
µm/min, p = 0.0008 for the retraction rate). However, BAECs that overexpressed the 
cortactin SNP showed similar protrusion (2.51 ± 0.19 µm/min) and retraction rates (2.65 
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± 0.23 µm/min), compared to BAECs that overexpressed WT cortactin (p = 0.35 for the 
protrusion rate and p = 0.08 for the retraction rate) (Figs. 6.6C, D).  
 In particular, thrombin changed the lamellipodia dynamics of BAECs 
overexpressing WT cortactin. After incubating cells with thrombin, the lamellipodial 
persistence of BAECs that overexpressed WT cortactin decreased from 1.96 ± 0.16 min 
(N = 14) to 1.12 ± 0.06 min (N = 13) (p = 0.0003) and the protrusion length was also 
reduced from 3.43 ± 0.16 µm to 2.02 ± 0.11 µm (p < 10-6), compared to untreated cells 
(Fig.6.6A, Table 6.3). In contrast, with regard to the lamellipodia dynamics of cells that 
overexpressed the cortactin SNP, only the protrusion rate of the cells upon thrombin 
treatment (1.65 ± 0.15 µm/min) differed from those of untreated cells (2.51 ± 0.19 
µm/min) (p = 0.003). 
 The lamellipodia at the leading edge of collectively migrating cells were also 
observed, in order to check whether there is any difference between the lamellipodia 
dynamics of single cells versus collectively migrating cells. Cells at the edge of a gap 
were selected to observe the lamellipodia that extended to a wound region. Four 
parameters calculated from kymograph analyses are shown in Fig. 6.7. During 
collective cell migration, BAECs overexpressing WT cortactin showed longer 
lamellipodial persistence (2.06 ± 0.15 min) and larger protrusion lengths (4.34 ± 0.25 
µm) than nontransfected BAECs (1.07 ± 0.07 min and 2.25 ± 0.19 µm) (p = 0.0004 for 
the lamellipodial persistence, p < 10-4 for the protrusion length, NWT = 10, NNON = 11). 
On the other hand, BAECs overexpressing the cortactin SNP decreased the 
lamellipodial persistence to 1.52 ± 0.03 min from 2.06 ± 0.15  min (p = 0.014, NSNP = 11, 
NWT = 10) and also reduced the protrusion length to 3.45 ± 0.21 µm from 4.34 ± 0.25  
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µm,  compared to BAECs overexpressing WT cortactin (p = 0.03) (Fig. 6.7). However, 
the protrusion lengths of BAECs overexpressing WT cortactin (2.80 ± 0.22 µm) and the 
cortactin SNP (3.00 ± 0.34 µm) were similar (p = 0.67).  
 The kymography data obtained by observing separated individual cells in the 
presence and absence of thrombin, as well as collective migration are summarized in 
Table 6.3, for comparison.  
 
Colocalization of cortactin with actin 
 Cortactin accumulated at the leading edge of BAECs preferentially (Fig. 6.8A). In 
contrast, in nonmotile cells, the cortactin was distributed throughout the cytosol. The 
average pixel intensities in the fluorescence images of cells that overexpressed WT 
cortactin or cortactin SNP at distances from 0 to 5 µm from the leading edge were 
compared (Fig. 6.8B). The intensity of actin at the leading edge is about three times 
greater than at distances 5 µm from the edge, in both cases. This shows the preferential 
accumulation of cortactin in lamellipodia at the leading edge, as expected [230]. The 
cortactin SNP also localized at the leading edge, similar to the overexpressed WT 
cortactin. 
 The colocalization of cortactin and actin was determined by staining actin with 
phalloidin in BAECs transfected with DsRed WT cortactin or DsRed cortactin SNP, and 
correlating the phalloidin and DsRed fluorescence. The fluorescence intensity images of 
actin and cortactin yielded very similar localization patterns, with both proteins being 
present at the leading edge. Merged images also showed a significant overlap between 
actin and cortactin along the cell boundary, both in cells overexpressing WT cortactin 
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and in cells expressing the cortactin SNP (Fig. 6.8A). The correlation coefficients 
between actin and cortactin intensities in cell images were 0.83 ± 0.01 (N = 20) and 
0.84 ± 0.01 (N = 17) for cortactin WT and SNP overexpressing cells, respectively. 
These values were statistically similar at the 95% confidence level (p = 0.38). This 
suggested that the cortactin SNP did not affect its colocalization with actin, relative to 
WT cortactin (Fig. 6.8C). 
  
6.4 DISCUSSION 
 Here, analyses of gap closure, single cell migration and lamellipodia dynamics 
were performed in order to investigate the effect of cortactin and the ALI associated 
cortactin SNP on endothelial gap closure mechanisms. The well-controlled shape and 
size of undamaged gaps generated with micropillars made it possible to compare gap 
closure dynamics in different cell monolayers. In this study, BAECs were used for all 
three assays, whereas HPAECs were only used for single cell migration assays, in 
order to verify that similar mechanisms operate in both cell types. The latter cell 
migration comparison indicated that both endothelial cell lines behaved similarly and 
were similarly affected by transfection with cortactin (Figs. 6.4 and 6.5). 
 The substantial accumulation of actin around the gap (see Fig. 6.3) is an initial 
signature of the contraction of actomyosin belt lining the gap during gap closure [231]. 
So, the purse-string mechanism could contribute to gap closure, mainly in the early 
stage. Accordingly, the gap decrease by the rearrangement of neighboring cells without 
lamellipodia was relatively dominant in small gaps (10 – 20 µm).  On the other hand, 
lamellipodia extension and cell crawling into a gap played a dominant role in gap 
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closure, especially with large gaps. Previous results also showed the dominant role of 
cell crawling relative to purse-string closure of undamaged epithelial gaps [108].   
 Gaps decreased either with or without lamellipodia extension. Apart from 
lamellipodia protrusion followed by cell crawling, the gap size decreases due to the 
contraction of the apical edges surrounding the gap. Immunofluorescence images show 
that F-actin accumulated preferentially along the gap boundary for both small and large 
gaps, immediately after initial gap formation (Figs. 6.3A, B). After 25 min, the actin 
accumulation at the gap boundary was less apparent, following actin belt remodeling 
after lamellipodia protrusion into the gaps (Figs. 6.3C, D). During gap closure, the cells 
changed their shape and actively rearranged relative to one another. 
 Cortactin has multiple mechanisms to recruit and regulate proteins associated 
with actin polymerization and thus regulate cell migration. Huang et al. [232] showed 
that the increased tyrosine phosphorylation of cortactin increased collective cell 
migration in scratched wound healing. Also, direct binding of neural Wiskott Aldrich 
Syndrome protein (N-WASP) to the Src Homology 3 (SH3) domain of cortactin causes 
the activation of the actin related proteins 2/3 (Arp 2/3) complex, which contributes to 
cell motility [233]. On the other hand, Bryce et al. [230] showed that both Arp2/3 and F-
actin binding sites of cortactin are necessary and sufficient to rescue cell motility, by 
comparing cortactin KD-cells with cells rescued with different cortactin constructs. 
 Patients who have a high susceptibility to ALI have disease-linked SNPs, of 
which the cortactin SNP increases endothelial permeability under stimulus of 
inflammation, and also delays resealing of gaps [234]. The study in this chapter 
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revealed how the cortactin and ALI-related cortactin SNP regulate this endothelial 
barrier function.      
 Increased gap closure rate of cells overexpressing WT cortactin (Fig. 6.2) is 
relevant to improved directional cell motility (p = 0.013 for the overall velocity, p = 0.014 
for the directionality) (Fig. 6.4), which is likely through enhanced lamellipodial 
persistence (p = 0.00001) (Fig. 6.6). Previously, adhesion assembly and disassembly 
studies showed that fibrosarcoma cells deficient in cortactin exhibited a selective defect 
in the assembly of new adhesions in cellular protrusions, and this might affect 
lamellipodial persistence and thus cell motility [230]. The cortactin SNP associated with 
ALI in part impeded the functional role of cortactin, in terms of lamellipodial dynamics, 
cell motility and thus gap closure. The present research demonstrated that cortactin 
increased lamellipodial persistence and thus persistent cell migration, which eventually 
resulted in faster endothelial gap closure. However, the ALI-associated cortactin SNP 
significantly attenuated this functional role of cortactin.     
 Endothelial barrier permeability is typically quantified by measuring 
transendothelial monolayer resistance (TER).  TER quantifies the electrical impedance 
of an endothelial monolayer cultured on gold microelectrodes in polycarbonate wells 
[235, 236]. The in vitro TER measurements of endothelial barrier disruption and 
reannealing in response to physicochemical stimuli correlate strongly with clinical 
observations in ALI cases (Dudek, personal communication). In TER studies, thrombin 
treatment reduces the endothelial impedance (increases permeability), and treatment 
with sphingosine-1-phoshate, which promotes barrier reannealing, enhanced the 
endothelial impedance (reduced permeability).  TER studies of human umbilical vein 
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endothelial cells (HUVECs) showed that cortactin depletion significantly increased 
endothelial barrier permeability and attenuated S1P-induced endothelial barrier 
enhancement, whereas the overexpression of WT cortactin augmented barrier 
resistance [219]. The cortactin SNP significantly reduced S1P-induced barrier 
enhancement, and also delayed barrier recovery upon the treatment with thrombin [234].  
The findings presented in this thesis are qualitatively consistent with these 
observations, and reveal possible cellular processes that contribute to the effects of 
cortactin on barrier integrity and paracellular gap reannealing. The present findings 
showed that the cortactin SNP decreased cell motility and lamellipodial persistence and 
thus retarded gap closure, and this correlates with the impaired barrier resealing 
observed in TER measurements. Because this SNP (Ser484Asp) is close to a critical 
p60src-targeted tyrosine residue at 486 on cortactin, it could affect tyrosine 
phosphorylation in some way. Tyrosine phosphorylation of cortactin increased collective 
cell migration [232] and was necessary to achieve the maximum S1P-induced barrier 
enhancement in TER experiments [219]. The cortactin SNP decreases tyrosine 
phosphorylation at tyrosine 486-residue by 40 - 60 % under baseline and S1P-
stimulated conditions. The reduced phosphorylation also correlated with a 25% 
reduction in actin polymerization compared to WT cortactin [234]. Therefore, the 
decrease in actin reorganization in lamellipodia at the leading edge might result in 
decreased lamellipodial persistence and lower cell motility, which could in turn impair 
the reannealing of paracellular gaps generated in the pulmonary endothelium of ALI 
patients with this SNP.   
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6.5 TABLES 
Table 6.1. Gap closure time according to the initial gap size. Each entry represents 
mean ± stadard error of the mean (SEM) of gap closure time. 
   
Initial gap 
size (µm) 
BAECs 
overexpressing 
Cort WT (min) 
BAECs 
overexpressing 
Cort SNP (min) 
Nontransfected 
BAECs (min) 
10 18.5 ± 2.6 27 ± 5.0 44.3 ± 3.8 
20 32.6 ± 2.6 34.8 ± 2.7 61.0 ± 3.9 
30 41± 1.8 46 ± 3.9 75 ± 4.3 
40 55 ± 2.5 60 ± 2.5 86 ± 3.6 
50 71 ± 2.6 78 ± 7.3 105 ± 6.1 
60 94 ± 5.2 106 ± 6.3 125 ± 5.9 
70 107 ± 4.0 120 ± 4.2 136 ± 5.3 
80 123 ± 3.8 158 ± 5.4 160 ± 5.9 
90 163 ± 5.1 205 ± 11.4 203 ± 11.4 
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Table 6.2. BAEC and HPAEC migration on collagen I-coated surfaces.  
 
BAECs 
 nontransfected WT cortactin cortactin SNP 
Average velocity (µm/h) 0.44 ± 0.026 0.45 ± 0.022 0.35 ± 0.016 
Overall velocity (µm/h) 0.12 ± 0.014   0.18 ± 0.020 0.12 ± 0.011 
Directionality  0.28 ± 0.031 0.40 ± 0.035 0.34 ± 0.027 
Random 
modeling 
Cell speed (µm/h) 0.72 ± 0.078 0.77 ± 0.086 0.57 ± 0.036 
Persistence (h) 1.02 ± 0.21 1.49 ± 0.26  1.45 ± 0.21 
HPAECs 
 nontransfected WT cortactin cortactin SNP 
Average velocity (µm/h) 0.22 ± 0.009 0.25 ± 0.010 0.14 ± 0.006 
Overall velocity (µm/h) 0.056 ± 0.005 0.087 ± 0.008 0.034 ± 0.004 
Directionality  0.255 ± 0.023 0.339 ± 0.029 0.248 ± 0.025 
Random 
modeling 
Cell speed (µm/h) 0.31 ± 0.028 0.36 ± 0.040 0.21 ± 0.020 
Persistence (h) 1.56 ± 0.39 1.85 ± 0.28 1.70 ± 0.45  
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Table 6.3. Lamellipodia dynamics of BAECs 
 
Single cells 
 WT cortactin cortactin SNP nontransfected 
Lamellipodial persistence (min) 1.96 ± 0.16  1.06 ± 0.08  1.05 ± 0.08  
Protrusion length (µm) 3.43 ± 0.16  1.46 ± 0.09  1.75 ± 0.09  
Protrusion rate (µm/min) 2.62 ± 0.16 1.65 ± 0.15  1.99 ± 0.16  
Retraction rate (µm/min) 2.80 ± 0.18  2.63 ± 0.15  2.58 ± 0.14  
Single cells after thrombin treatment 
 WT cortactin cortactin SNP nontransfected 
Lamellipodial persistence (min) 1.12 ± 0.06  0.91 ± 0.07  1.06 ± 0.06  
Protrusion length (µm) 2.02 ± 0.11   1.68 ± 0.10  1.66 ± 0.06  
Protrusion rate (µm/min) 2.74 ± 0.12  2.51 ± 0.19  1.95 ± 0.14 
Retraction rate (µm/min) 3.25 ± 0.22  2.65 ± 0.23  1.34 ± 0.27  
Collective cells 
 WT cortactin cortactin SNP nontransfected 
Lamellipodial persistence (min) 2.06 ± 0.15  1.52 ± 0.03  1.07 ± 0.07  
Protrusion length (µm) 4.34 ± 0.25   3.45 ± 0.21  2.25 ± 0.19  
Protrusion rate (µm/min) 2.80 ± 0.22  3.00 ± 0.34  2.71 ± 0.25  
Retraction rate (µm/min) 4.18 ± 0.35  3.23 ± 0.62  3.60 ± 0.31  
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6.6 FIGURES 
 
 
Figure 6.1. Gap creation using PDMS micropillars. (A) Scanning electron microscopy of 
a stencil of micropillars. Their diameter varies from 10 µm to 90 µm, (B) Gap pattern on 
a BAECs monolayer (scale bar, 10 um), (C) experimental procedure for undamaged 
gap creation. Cells are seeded onto collagen-coated glass surface (step 1). Then, place 
a stencil coated with a Pluronic block copolymer on the dish (step 2) and incubate for ~ 
1 day so that cells attach to the glass surface surrounding the pillars (step 3). Finally, 
stencil detachment with a magnetic bar creates undamaged gaps of different sizes (step 
4). 
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Figure 6.2. Analysis of gap closure in a BAEC monolayer. (A) Gap closure time as a 
function of the initial gap size (diameter) of circular gaps, (B) normalized gap closure 
time in BAECs overexpressing cortactin SNP using the gap closure time in BAECs 
overexpressing WT cortactin, (C) rate pf area decrease according to initial gap size, (D) 
radial velocity of gap closure according to initial gap size, (E) time required for 
lamellipodia initiation after starting gap observation in 20 and 90 µm gaps, (F) initial 
radial velocity in 20 and 90 µm gaps. * indicates the p-value of p < 0.01 and ** indicates 
p < 0.05. 
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Figure 6.3. The localization of actin immunostained with Alexa-Fluor 488 phalloidin in a 
20 µm gap at t = 0 min (A) and t = 25 min (B) and in a 90 µm gap at t = 0 min (C) and t 
= 25 min (D). 
125 
 
 
 
Figure 6.4. Quantification of mobility of BAECs on collagen coated surface. Cell speed 
and persistence time were fit to cell migration experimental data by applying a 
persistent random walk model. (A) windrose plots for cell movements, (B) average 
velocity, (C) overall velocity, (D) directionality, which was obtained by the net 
displacement divided by total cell moving distance. And, cell speed (E) and persistence 
(F) were also obtained by a random walk modeling. Error bars indicate standard error of 
the mean. * indicates the p-value of p < 0.01 and ** indicates p < 0.05. 
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Figure 6.5. Quantification of mobility of HPAECs on collagen coated surface. Cell 
speed and persistence time were fit to cell migration experimental data by applying a 
persistent random walk model. (A) windrose plots for cell movements, (B) average 
velocity, (C) overall velocity, (D) directionality, which was obtained by the net 
displacement divided by total cell moving distance. And, cell speed (E) and persistence 
(F) were also obtained by a random walk modeling. Error bars indicate standard error of 
the mean. * indicates the p-value of p < 0.01 and ** indicates p < 0.05. 
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Figure 6.6. Kymograph analysis of lamellipodia of untransfected, cortactin-
overexpressing, and cortactin SNP-overexpressing BAECs. For each case, 10-14 cells 
were observed every 6 s for 20 – 40 min. (A) persistence, (B) protrusion length, (C) 
protrusion rate and (D) retraction rate. Error bars indicate SEM. * indicates the p-value 
of p < 0.01 and ** indicates p < 0.05. 
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Figure 6.7. Kymograph analysis of lamellipodia of BAECs, cortactin-overexpressing 
BAECs and cortactin SNP-overexpressing BAECs during scratch wound healing by 
collective cell migration. For each case, around 10 cells were observed every 6 s for 1 
h. (A) lamellipodial persistence, (B) protrusion rate, (C) retraction rate and (D) protrusion 
length. Error bars indicate SEM. * indicates the p-value of p < 0.01 and ** indicates p < 
0.05. 
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Figure 6.8. Colocalization of cortactin with actin in BAECs. (A) Localization of actin 
(green) and DsRed cortactin (red). Scale bar = 10 µm. (B) Fluorescence intensity 
measurements along the line scan perpendicular to the moving direction of lamellipodia. 
(C) Correlation coefficient between fluorescence intensities of actin and DsRed 
cortactin. The sub-region of a cell for the correlation analysis was defined to include the 
cell membrane boundary region.  
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Chapter 7: Conclusions and Future work 
 
7.1 CONCLUSIONS 
Protein adsorption mechanisms determining temperature-dependent switchable 
cell adhesion 
 This study demonstrated the effect of protein adsorption mechanisms on the 
efficiency of thermally controlled cell adhesion and release from PNIPAM coated 
surface.  In addition to the polymer molecular weight and grafting density, the grafting 
substrate also influenced the temperature-dependent PNIPAM brush interactions with 
proteins and cells. The results showed that robust protein adsorption to the underlying 
substrate impaired rapid cell release below the LCST. In contrast, mild protein 
adsorption to polymer chains support cell adhesion above the transition temperature 
and insure efficient cell recovery at lower temperature.  This study thus identified 
thermally controlled protein adsorption behavior that appears to underlie corresponding 
cell adhesion behavior, and the surface chemistry and grafting densities that determine 
these properties.  
 
Cell adhesion and migration on ECM protein gradients 
 Large format gradients of ECM proteins provided fairly isotropic, homogeneous 
microenvironments, while representing anisotropic protein surface density 
macroscopically over the gradient. Therefore, I could use these gradients to perform a 
high-throughput analysis of cell behavior according to protein surface density. In a 
range of protein concentration that I tested, more MCF-7 cells adhered and they spread 
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better on the surface that higher collagen immobilized on. Also, both fibroblast and 
epithelial cells migrated faster on higher laminin coated surface, while their persistence 
did not change according to protein density. The study showed that this format gradient 
could provide a shallow gradient for high-throughput analysis as an alternative to steep 
gradient platforms [38]. 
 
Role of cortactin and ALI-associated cortactin in endothelial wound healing 
 Well-defined gaps created in an endothelial monolayer using micropillars enabled 
to study the effect of cortactin and ALI-associated cortactin on endothelial wound 
healing. Cortactin improved directional cell motility through enhanced lamellipodial 
persistence, and thus promoted gap closure. In contrast, the cortactin SNP significantly 
attenuated this functional role of cortactin. These findings could correlate with the 
impaired barrier resealing observed in TER measurements which showed the cortactin 
SNP reduced S1P-induced barrier enhancement and delayed barrier recovery upon 
thrombin treatment. 
 
7.2 FUTURE WORK 
 In the first study, I explored different protein adsorption mechanisms (primary, 
secondary and ternary adsorption) by manipulating grafting density and grafting 
substrate properties while keeping the chain length (e.g., molecular weight). Although 
there are theoretical and experimental studies on protein adsorption depending on the 
chain length [60, 67, 90], all the parameters (grafting density, chain length and substrate 
properties) has yet been considered together to explore all possible adsorption 
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scenarios. A relevant study might be followed by using multi-dimensional protein 
gradients for high-throughput analysis. A gradient surface would have gradually 
changing grafting density in one direction and also gradually changing molecular weight 
in the direction orthogonal to the first direction. Also, direct observation of protein 
adsorption using neutron reflection [237] will support and verify my research more 
clearly.  
 In the study on cell behaviors on ECM protein gradients, my focus was to build 
fairly anisotropic local microenvironments on a large format gradient, which enable us to 
perform high-throughput experiments. At the protein concentrations investigated in this 
study, I only observed an increase in cell velocity with increasing ECM density.  
However, when a wider range of ECM surface densities was explored, the cell velocity 
exhibited a bell-shaped dependence on the ECM concentration [96]. Therefore, protein 
gradients that cover a wider range of protein density will provide more comprehensive 
picture of cell mobility on ECM protein.  
 In the last study, the effect of cortactin SNP on gap closure was analyzed by 
observing wound healing, cell migration and lamellipodia dynamics. The cortactin SNP 
impaired lamellipodial persistence and directional cell migration, and thus gap closure. 
Further study on intracellular mechanisms how the cortactin SNP alters signaling 
pathways during endothelial wound healing will be required. In addition, endothelial gap 
formation and resealing in the body usually occurs under the physiologic mechanical 
stress. Therefore, it should be closer to the in-vivo process if wound healing is observed 
under the mechanical cyclic stretch. For this, an assembly of wound healing and 
mechanical stretch generating tools [113] should be developed.  
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Appendix A: Epithelial migration on E-cadherin 
gradients 
 
 A gradient surface of the intercellular adhesion protein, E-cadherin was prepared 
using the same procedure as mentioned earlier. E-cadherin mediated cell adhesion 
suppresses cell migration through contact inhibition.  On the gradients, the surface 
density of E-cadherin increased linearly from 0.13 to 1.8 mg/m2 over a distance of 30 
mm along the dipping direction (Fig. A.1A). After incubating MDA-MB-231 cells on the 
E-cadherin gradient surface, only motile cells were chosen for cell migration analysis.  
The results of the quantitative analyses of MDA-MB-231 motility, determined as 
described in Section 4.2 in Chapter 4, are summarized in Table A1. The percentage of 
motile cells in total cells adhered slightly decreased with the E-cadherin surface density 
(Table A.1). Neither the average nor the overall velocities showed any dependence on 
the E-cadherin surface density, ranging from 0.19 to 1.8 mg/m2 (Figs. A.1B, C). 
Similarly, the directionality of cells was not affected by the amount of E-cadherin on the 
surface (Fig. A.1D). When a persistent random walk modeling was applied to these cell 
paths (see Fig. A.2), only 30 – 40 % cells (4 - 6 cells for each different E-cadherin 
density) passed the modeling criteria. There was no noticeable dependence between 
cell speed or persistence, and E-cadherin surface density (Table 4.4).  
 Both the average and overall velocities and directionality of MDA-MB-231 cells 
appear to be relatively insensitive to E-cadherin surface coverage (p > 0.05). Although 
the parental 231 cells do not express E-cadherin, they could still migrate presumably 
due to a nonspecific binding of cadherin 11 to E-cadherin [184]. However, the cells 
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migrated on E-cadherin substrata (average velocity of 7.4 ± 1.4 µm/h at 1.4 ± 0.1 
mg/m2) significantly slower than on laminin substrata (average velocity of 16.9 ± 1.3 
µm/h at 1.3 ± 0.3 mg/m2) (p < 10-4). On the other hand, the directionality of cells on E-
cadherin (0.34 ± 0.02 µm/h at 1.4 ± 0.2 mg/m2) and laminin substrata (0.4 ± 0.1 µm/h at 
1.4 ± 0.1 mg/m2) was similar to each other at 95% confidence level (p = 0.49). Also, 
fewer cells migrated on E-cadherin substrata (20 - 30% motile cells), compared to 
laminin substrata (40% motile cells).  
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Table A.1. MDA-MB-231 cell migration on E-cadherin coated surfaces. 
E-cad density (mg/m2) 0.19 0.44 0.63 1.4 1.8 
No. motile cells 23 (30%) 21 (25%) 14 (21%) 11 (22%) 15 (19%) 
No. nonmotile cells 56 (70%) 64 (75%) 51 (79%) 38 (78%) 65 (81%) 
Average velocity (µm/h) 8.2 ± 0.98 8.5 ± 1.5 7.4 ± 1.2 7.5 ± 1.4 9.5 ± 0.96 
Overall velocity (µm/h) 2.4 ± 0.31 1.7 ± 0.24 1.4 ± 0.24 2.3 ± 0.44 1.9 ± 0.28 
Directionality  0.38 ±0.05 0.29 ±0.05 0.28 ±0.06 0.40 ±0.08 0.26 ±0.06 
No. cells fitted to a model  6 6 4 5 4 
Speed (µm/h) 5.6 ± 1.5 7.8 ± 2.0 5.0 ± 1.3 6.0 ± 0.7 4.1 ± 0.9 
Persistent time (h) 2.8 ± 0.6 1.8 ± 0.4 1.9 ± 0.7 2.8 ± 1.0 2.1 ± 0.7 
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Figure A.1. Quantification of mobility of MDA-MB-231 cells on E-cadherin coated 
surface. Cell speed and persistence time were fit to cell migration experimental data by 
applying a persistent random walk model. (A) laminin surface density according to 
position along the dipping direction, (B) average velocity, (C) overall velocity, and (D) 
directionality, which was obtained by the net displacement divided by total cell moving 
distance. Error bars indicate standard error of the mean. * indicates the p-value of p < 
0.01 and ** indicates p < 0.05. 
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Figure A.2. Cell paths of MDA-MB-231 cells at different locations along an E-cadherin 
gradient.  
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Appendix B: Kymograph and western blots 
 
 
Figure B.1. Kymograph analysis: protrusion rate, retraction rate, lamellipodial 
persistence and protrusion distance. 
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Figure B.2. Western blots of DsRed-tagged and endogenous cortactin 
